Nuclear magnetic relaxation in solutions of alkali aromatic ion pairs by Hendriks, B.M.P.
NUCLEAR MAGNETIC RELAXATION 
IN SOLUTIONS OF 
ALKALI AROMATIC ION PAIRS 
B.M.P. HENDRIKS 

NUCLEAR MAGNETIC RELAXATION 
IN SOLUnONS OF 
ALKALI AROMATIC ION PAIRS 
PROMOTOR: 
PROF. DR. E. DE BOER 
NUCLEAR MAGNETIC RELAXATION 
IN SOLUTIONS OF 
ALKALI AROMATIC ION PAIRS 
P R O E F S C H R I F T 
TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 
WISKUNDE EN NATUURWETENSCHAPPEN 
AAN DE KATHOLIEKE UNIVERSITEIT TE NIJMEGEN, OP GEZAG VAN 
DE RECTOR MAGNIFICUS PROF.MR. F.J.F.M. DUYNSTEE, 
VOLGENS BESLUIT VAN HET COLLEGE VAN DECANEN 
IN HET OPENBAAR TE VERDEDIGEN 
OP VRIJDAG 28 SEPTEMBER 1973 
DES NAMIDDAGS TE 2 UUR PRECIES 
door 
BERNARDUS MARTINUS PETRUS HENDRIKS 
geboren te Nijmegen 
Druk: Krips Repro Meppel 

Aan Marijke en Dion-ben 
Bij het verschijnen van dit proefschrift wil ik al diegenen danken die aan de totstand-
koming ervan op enigerlei wijze hebben bijgedragen. 
Mijn speciale dank gaat uit naar de heren A.A.K. Klaassen en H.C.F. Horstink 
voor de experimentele werkzaamheden die zij verricht hebben en naar Drs. J.W.M. de 
Boer en Dr. M.R. Arick voor de vele stimulerende diskussies die wij gedurende de 
totstandkoming van dit proefschrift gevoerd hebben. 
Voorts wil ik vermelden de medewerkers van de dienstverlenende afdelingen van 
de fakulteit der Wiskunde en Natuurwetenschappen. 
Dit onderzoek is uitgevoerd aan de afdeling Molekuul Spektroskopie van de Katho-
lieke Universiteit te Nijmegen onder leiding van Prof. E. de Boer. Een gedeelte van 
het onderzoek is gefinancierd door de Stichting Scheikundig Onderzoek in Nederland 
(SON) met medewerking van de Nederhndse Organisatie voor Zuiver-Wetenschappe-




1.1 Review 1 
1.2 Survey the present study 3 
CHAPTER II 
GENERAL THEORY 
2.1 Spin hamiltonian 6 
2.2 Resonance conditions 8 
2.3 Relaxation times 10 
2.3.1 Fermi contact relaxation 13 
2.3.2 Anisotropic magnetic dipolar relaxation 14 
2.3.2.1 Intermolecular 15 
2.3.2.2 Intramolecular 15 
2.3.3 Quadrupolar relaxation 22 
2.3.4 Summary and conclusions 23 
2.4 Interaction parameters 25 
2.4.1 The hyperfine splitting constant 25 
2.4.1.1 Proton and deuteron hyperfine splitting constant 26 
2.4.1.2 Alkali metal hyperfine splitting constant 27 
2.4.2 The anisotropic magnetic dipolar interaction tensor 28 
2.4.2.1 Nuclei in the radical anions 30 
2.4.2.2 Alkali metal cations 31 
2.4.3 The quadmpole coupling constant 33 
2.4.3.1 Nuclei in the radical anions 33 
2.4.3.2 Alkali metal cations 33 
2.5 Correlation times 34 
CHAPTER HI 
EXPERIMENTAL DETAILS 
3.1 Equipment 40 
3.2 Preparation techniques and synthesis 42 
3.3 Techniques and procedures 44 
3.3.1. Computer programs 44 
3.3.1.1 Spindensity matrix 44 
3.3.1.2 Anisotropic magnetic dipolar interaction tensor 44 
3.3.1.3 Simulation of NMR spectra 49 
3.3.1.4 Analysis of viscocity measurements 50 
3.3.1.5 Integration of ESR spectra 51 
3.3.2. Resonance position 51 
3.3.2.1 Fermi contact shift 51 
3.3.2.2 Solvent shift 56 
3.3.3 Relaxation times and modulation effects 58 
3.4 Viscocity measurements 60 
3.4.1 Theory 60 
3.4.2 Experimental results 63 
3.4.3 Discussion 63 
CHAPTER IV 
NUCLEAR MAGNETIC RESONANCE ON THE RADICAL ANIONS 
4.1 Introduction 67 
4.2 Theory 67 
4.2.1 Resolution enhancement 68 
4.2.2 Signal to noise ratio 69 
4.2.3 Linewidth analysis 70 
4.2.4 Effect of electron transfer on the linewidth 73 
4.3 Results 79 
4.3.1 Hyperfme splitting constants and spindensities 79 
4.3.2 Anisotropic magnetic dipolar electron-nuclear interaction 95 
4.3.3 Linewidths and correlation times 100 
4.4 Discussion 115 
4.4.1 Hyperfme splitting constants and spindensities 115 
4.4.2 Anisotropic magnetic dipolar electron-nuclear interaction 119 
4.4.3 Linewidth and correlation times 121 
4.4.3.1 Fermi contact relaxation 127 
4.4.3.2 Deuterium quadrupole coupling constant 131 
4.4.3.3 The effect of the T-tensor calculation 
on the correlation times 132 
4.4.3.4 Anisotropic rotational diffusion 133 
4.4.3.5 Isotropic rotational diffusion and viscocity 140 
4.4.4 Miscellaneous topics 141 
4.4.4.1 Electron spin relaxation 141 
4.4.4.2 Resolution enhancement 143 
4.4.4.3 Signal to noise ratio 144 
4.5 Conclusions 146 
CHAPTER V 
DIANIONS WITH TRIGONAL SYMMETRY 
5.1 Intioduction 147 
5.2 Experimental 150 
5.3 Results 152 
5.3.1 NMR on the dianion of 1,3,5-triphenylbenzene 152 
5.3.2 Static susceptibility 154 
5.3.3 Paramagnetic susceptibility 155 
5.3.4 Ion pairing equilibrium 157 
5.4 Discussion 159 
5.4.1 NMR experiments 159 
5.4.2 Magnetic susceptibility 161 
5.5 Conclusion 163 
CHAPTER VI 
NUCLEAR MAGNETIC RESONANCE ON THE ALKALI CATIONS 
6.1 Introduction 164 
6.2 Theory 165 
6.2.1 Influence of ion pairing on the relaxation of the alkali nucleus . . . 167 
6.2.2 Effect of electron transfer 176 
6.2.3 Linewidth analysis 179 
6.2.4 Structural information from the alkali NMR spectra 180 
6.3 Results 187 
6.3.1 Alkali naphthalenide ion pairs 187 
6.3.1.1 Hyperfme splitting constants 187 
6.3.1.2 Alkali linewidths 190 
6.3.2 Ion pairs of anthracene and 1,3,5-triphenylbenzene 195 
6.4 Discussion 197 
6.4.1 Hyperfme splitting constants and spindensities 198 
6.4.1.1 Naphthalenide ion pairs 198 
6.4.1.2 Other ion pairs 201 
6.4.2 Alkali linewidth and ion pair structure 202 
6.4.2.1 Naphthalenide ion pairs 202 
6.4.2.2 Other ion paiis 211 









The reaction of liquid potassium with naphthalene had been re­
ported already as early as 1Θ67 by Berthelot [ 1]. Later on it 
proved possible to carry out the electron transfer between the 
alkali metal and the aromatic hydrocarbon under rather gentle 
conditions [ 2-5] in ethereal solution with exclusion of water 
and oxygen. Ід these non-polar solvents the alkali cations and 
the axomatic anions form ion pairs. The ion pairing phenomenon 
plays an important role in reactions involving ionic species 
and has been the subject of much physico-chemical research, 
initially using electrochemical methods [ 6-9] and optical spec­
troscopy [ 10-13]. Because of the paramagnetism of the aromatic 
hydrocarbon anions [ lU] , electron spin resonance (ESR) spectro­
scopy immediately after its discovery [15]became one of the ma­
jor tools in the study of the alkali aromatic ion pairs [ 1U] . 
Only recently nuclear magnetic resonance (NMR) spectros­
copy has been used to study paramagnetic organic molecules 
I I6-I8]. The NMR of the various nuclei in the alkali aromatic 
ion pair provides detailed information [ 19-25] about the elec­
tronic structure of the anion and about the presence of unpaired 
spindensity on the alkali nucleus and thus about the (electronic) 
structure of the whole ion pair. Furthermore as will be shown in 
this thesis, one obtains from the linewidth of the nuclear mag­
netic resonances a wealth of structural (e.g. cation-anion dis­
tances) and dynamical information (e.g. the correlation times 
for the spin exchange process and for the rotational diffusion 
of the ion pair). 
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A "brief discussion of the applicability of the two mag-
netic resonance techniques and their differences will be given. 
Both ESR and NMR give the absolute value of the hyperfine 
splitting constant (hfsc) of a nucleus in a radical [ 15-19], 
but in addition NMR gives the sign of the hfsc. Therefore NMR 
is more useful to test the predictions from MO theory I 26-30]. 
The first evidence for the presence of unpaired spinden-
sity at the cation was found by Adam and Weissman [ 31] . Since 
their pioneering work much information on the alkali hfsc has 
been collected [32]. The alkali hfsc is very sensitive to the 
ion pair structure. A first suggestion to explain the occur-
rence of unpaired spindensity on the alkali nucleus has been 
proposed by Atherton and Weissman [ 33]. Evidence for the oc-
currence of negative spindensity at an alkali nucleus was ob-
tained by De Boer in his ESR study of the pyracene anion rad-
ical [ 3^ ] . The temperature dependence of the Rb and Cs hfsc 
was anomalous, in that the hfsc first decreased, became zero 
and then increased as the temperature was reduced. De Boer 
suggested that at low temperatures the hfsc became negative 
which, of course, could not be observed by ESR. Later negative 
spindensity was proposed by Dodson and Reddoch [ 35] and Hirota 
[36] from studies of the alkali naphthalenide ion pairs. They 
noticed that only when the sign of the spindensity of Rb and 
Cs was taken opposite from that of the other alkali ions, did 
one obtain a continuous plot of the alkali spindensity versus 
the radius of the alkali ion. The same behaviour was found for 
other systems, e.g. alkali anthracenides [36] and the ion pairs 
of 1,2-naphthosemiquinone and acenaphthenesemiquinone [ 37]. We 
have confirmed by NMR the proposed signs of the alkali hfsc's 
of the naphthalenide ion pairs. Also Canters et al. [20-23] 
using the NMR technique showed that a similar trend exists for 
the alkali spindensities of the alkali biphenylides. Further a 
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theoretical account of this rather general dependence of the 
spindensity on the atomic number of the alkali nucleus has been 
given by Canters et al. [ 38] . 
The equilibria and kinetics involving different types of 
ion pairs have been studied extensively by ESR [ 36,39]· Also 
in the present NMR study some effects on the resonance line-
widths have been observed due to structural changes of the ion 
pair. The first report concerning the effects of the electron 
transfer between an aromatic anion and its parent neutral hy-
drocarbon on the ESR spectrum was published by Ward and Weiss-
man [ kO]. A NMR study on this subject was done by De Boer and 
MacLean I Ul]. We can show that in our concentrated, almost com-
pletely reduced solutions the electron transfer will not affect 
the linewidth of the NMR signals. In these concentrated solu-
tions spin exchange will occur, which wipes out all the hyper-
fine structure of the ESR spectrum [1*2,1+3] , but which reduces 
the NMR linewidths so much that detection of the NMR signal 
becomes possible I 18-20]. This process together with the low 
sensitivity of NMR spectroscopy limits the applicability of 
the NMR technique to rather concentrated solutions (on the 
order of one molar). In contrast ESR can be used for rather 
dilute solutions (down to 10"5M), but fails above 10"2M because 
of the collaps of the hyperfine structure due to the spin ex-
change process. 
1.2 Survey of the present study. 
The purpose of this study is to investigate the dynamical pro-
cesses which determine the nuclear transverse relaxation time 
(Tp) in alkali metal aromatic hydrocarbon ethereal solutions. 
Also the hfsc obtained will be used to get more knowledge con-
cerning the electronic structure of the ion pairs. The NMR spec-
- u -
trim gives us information about the interactions of the nuclear 
spin with its environment. For concentrated radical solutions 
there axe three major interactions: (i) the Fermi contact inter­
action determined by the spindensity at the nucleus, (ii) the 
anisotropic magnetic electron-nuclear dipolar interaction de­
scribing the direct magnetic interaction between the delocal-
ized electron spin and the nuclear spin, (iii) the quadrupolar 
interaction, the interaction of the nuclear quadrupole moment 
with the electric field gradient at the nucleus. The last in­
teraction influences the NMR spectrum because the nuclear elec­
tric quadrupole moment and the nuclear magnetic dipole moment 
are strongly coupled. While all three interactions contribute 
to the linewidth of the nuclear magnetic resonances, only the 
Fermi contact interaction, characterized by the hfsc, deter­
mines the resonance frequency. 
A quantum mechanical treatment of the interactions will 
be given in chapter II. Formulae for the nuclear transverse re­
laxation times will be derived. In chapter III the experimental 
techniques and the inherent uncertainties in the determination 
of the resonance positions and linewidths will be discussed. 
In chapter IV Ή and 2D NMR spectra of the nuclei in the anions 
will be presented and a discussion of the results is given. 
From the shifts of the NMR signals the proton and deuteron hfsc's 
are obtained for a number of polycyclic hydrocarbon anions. The 
anisotropic dipolar interaction parameters are calculated with 
the aid of the experimental hfsc's. From the proton linewidths 
the correlation times for spin exchange and Brownian rotational 
diffusion are obtained and discussed. Additional information 
about the rotational diffusion has been obtained from the qua­
drupolar relaxation of the deuterone. Chapter V describes the 
extension of the NMR technique to dianions of trigonal aromatic 
hydrocarbons, which should be in a triplet ground state according 
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to ESR investigations I UU-U8]. The ground state of the dianon 
of 1,3,5-triphenyrbenzene in 2-methyltetrahydrofuran reduced 
with Li was proved to he a singlet at room temperature, ESR 
and static susceptihility measurements have been carried out 
to obtain additional evidence for this observation. In chapter 
VI the NMR spectra of the cations will be discussed. Informa-
tion about the structure of the ion pairs has been obtained 
from the hfsc's and the linewidths. Evidence has been obtained 
that the correlation times measured for the nuclei in the anion 




2.1 Spin hamirtonian. 
The hamiltonian (¡JC) for a nuclear spin (l) in a radical ion 
pair can Ъе described Ъу: 
ЗС( ) = JC
z
(t) + 3^(t) + K{t) (2-1) 
The hamiltonian 3C describes the nuclear Zeeman interaction and 
the chemical shielding [ k9] : 
K
z
(t) = -hYjjI.ä - c(t)).Ho (2-2) 
where h is Planck's constant, Ύ„ the nuclear gyromagnetic ratio, 
Η the external magnetic field, 1 the unit dyadic and σ the chem­
ical shielding tensor, -which describes phenomenologically all 
diamagnetic interactions which influence the resonance position. 
Conventionally the z-axis of the laboratory frame will be chosen 
parallel with the magnetic field direction. 
¡K_ represents the magnetic dipolar interactions between the elec-
tronic spin (S) and the nuclear spin [U9,50]: 
3^(t) = I.D(t).S(t) (2-3) 
where D, the magnetic dipole-dipole interaction tensor, consists 
of an isotropic part A, the isotropic hyperfine splitting constant 
describing the Fermi contact interaction, and of a traceless an-
isotropic part T, which represents the direct anisotropic magnetic 
interaction between two dipoles: 
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D(t) = A(t).T + T(t) (2-1*) 
The hfsc is related to p(r ), the spindensity at the nucleus, 
by: 
А( ) =-3-п2 ыр( ) (2-5) 
and the T-tensor is defined by: 
T..(t) = -h2y γ < Φ|[β.. - 31i(t)l.(t)]/r(t),|*> (2-6) 
where Φ is the wave function describing the unpaired electron, 
γ is the electronic gyromagnetic ratio, r is the distance be­
tween the electron and the nucleus and 1., 1. are the direction 
ι J 
cosines of r in the laboratory coordinate system. 
К represents the interaction between the electric field gradient 
(V) and the nuclear quadrupole moment (Q). The orientations of 
the magnetic dipolar and the electric quadrupolar moment are co-
linear, therefore the interaction of the nuclear quadrupole mo­
ment with the electric field gradient will also influence the 
orientation of the spin angular momentum. Hence the energy of 
the magnetic dipole will be influenced by the electric field gra­
dient. With the aid of the Wigner-Eckart theorem [ 50] one can 
write the interaction in spin operator notation: 
KQ(t) = gj^.-i) Î.V(t).î (2-7) 
Only nuclei with I > 1 possess a quadrupole moment. 
The remaining interactions of the nuclear spins in the rad-
ical, e.g. mutual interactions between nuclear spins, need not 
be considered, since they are too small to be observable in our 
experiments. 
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2.2 Resonance conditions, 
Application of an electromagnetic field (H.. ) of the right fre­
quency (ω) results in transitions between different spin states. 
The corresponding hamiltonian is given by: 
3C
rf(t) = -ηγΝΙ.Ηι003((Λ) (2-Θ) 
In the strong field approximation only a H. field perpendicular 
to Η gives transitions. Resonance will occur, when the energy 
difference between the spin states is equal to an energy quan­
tum of the electromagnetic field. 
Because of the rapid Brownian motion in liquid solutions 
the interactions involving the traceless tensors T(t) and V(t) 
will not influence the average energy of the spin states. They 
only contribute to the linewidth of the resonance signal. From 
the chemical shielding only the isotropic part will contribute 
to the resonance position. Thus the resonance position is de­
termined by: 
К = -ϋγ-,Ι Η (1 - σ) + A(t)Ï.S(t) (2-9) 
ο Ν ζ о 
The Fermi contact interaction may give rise to a hyperfine 
splitting of the resonance line due to the quantization of the 
electron spin. This hyperfine splitting can be averaged out by 
strong electron spin relaxation, the condition being that the 
electron spin correlation time is smaller than hA-1 . In that 
case one can introduce em averaged electron spin moment [ 1+9]: 
3f = -hv Τ Η (1 - σ) + AI < S (t) > (2-10) 
ο 'Ν ζ ο ζ ζ 
Provided that chemical exchange and internal motion are excluded, 
the hfsc will be time independent. For cations in an ion pair 
this condition usually will not be fulfilled, but in general the 
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motion of the cation with respect to the anion is rapid enough 
to observe only an averaged hfsc. Only S (t) has a non-zero 
average (S ). If the paramagnetic susceptibility follows the 
Curie law: 
so = -geeS(S+l)Ho/3kT (2-11) 
then the resonance condition for a nucleus in a paramagnetic 
species is: 
gß S(S+1) 
hco = hy H (1 - a ) + A — H (2-12) 
'Np Ρ ЗкТ Ρ 
where a is the chemical shielding constant of the paramagnetic 
species, Η its resonance field (at frequency ω), g is the elec­
tronic g-value, β the Bohr magneton, к the Boltzmann constant 
and Τ the absolute temperature. For a diamagnetic reference com­
pound the following resonance condition holds: 
ho, = liYjjHjO - od) (2-13) 
where σ, is the chemical shielding constant and H, is the reso­
nance field (at frequency ω) of the reference compound. Defining 
the Fermi contact shift (δ ) by: 
gß S(S+1) 
δ
° = _ A e ^
 ( u ) 
с hYN ЗкТ ρ 
and carrying out the resonance experiment at constant frequency 
using a variable external field, the combination of 2-12, 2-13 
and 2-1І4 gives: 
6° = Η (1 - σ ) - H.(1 - σ ) (2-15) 
с ρ p u α 
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From 2-5 and 2-11* it ів clear that the contact shift gives 
the sign and the magnitude of the spindensity at the nucleus. 
Because A is proportional to γ , the contact shift in parts per 
million (ppm) measured for different isotopes will he equal, 
provided that there exists no isotope effect on the spindensity 
distribution. Even for deuterons the isotope effects usually 
fall within the experimental error of the shift measurements. 
2.3 Relaxation times. 
To derive the formulae for the relaxation times we follow the 
treatment of Abragam [51]. For this it is convenient to rewrite 
the hamiltonian 2-1 with separate time independent (constant) 
and time dependent parts: 
ÏC(t) = JC + XAt) (2-16) 
ο ι 
3f is given by 2-10. The time dependent terms of К (t) cause a 
relaxation of the nuclear spin. The relaxation is determined by 
the dipolar interaction between the electron spin and the nu­
clear spin, and by the quadrupolar interaction between the nu­
clear quadrupole moment and the electric field gradient. The 
dipolar interaction consists of two contributions, the isotropic 
Fermi contact (Fc) interaction and the anisotropic dipolar (Dip) 
interaction. All other interactions including the anisotropic 
chemical shielding are negligible. The time dependent part of 
the hamiltonian can be written as: 
JC^t) = a^
c
(t) + ^ i p(t) + 3fQ(t) (2-17) 
where 




( ) = Ï.T(t).S(t) (2-19) 
xqM = 21(21-1) ^v(t).ï (2-20) 
For the derivation of the master equation, describing the 
relaxation of the nuclear spins, Abragam starts vith the equa-
tion of motion of the density operator (σ): 
f -- ¿[«, + Κ,ΟΟ.σ] (2-21) 
I n order t o remove JC from t h i s e q u a t i o n , t h i s equat ion i s r e ­
w r i t t e n us ing t h e i n t e r a c t i o n r e p r e s e n t a t i o n : 
| ^ = - j l ^ ( t ) * , a + ] (2-22) 
with 
. ІЗС t / h -iJC t / h 
+ 0 0 
σ = e σ e 
and 
. iîC t / h -ІЭС t / h 
X^tf = e 0 ^(f) e 0 
To d e r i v e Abragam's master equat ion in o p e r a t o r form i t i s con­
venient t o expand ЗСЛ ) a s : 
XAt) = Σ F ( < l ) ( t ) A ( < l ) (2-23) 
1
 4 
where the lattice operators F * (t) are random functions of time 
and A ^  are time independent spin operators (a convenient choice 
for A ^ are the irreducible tensor operators). The hermiticity of 
X^(t) requires that with every term F ^ A ^ ' a term Fl~<1,Al"<1 is 
associated and that F ^ W ^ and A^" q^fS^ ' . 
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Under the condition that the ensemble average of the time 
dependent perturbation < 3C (t) > is zero, Abragam derives from 





- Ϊ Σ J (ω ( ( ΐ ))[Α (- ( ΐ ),[Α ( < ι ),<σ +-σ>]] dt q,p ι ρ ρ ' ρ ' о 
(2-24) 
where σ is the equilibrium density operator, A " and ω ^ 
are defined by: 
/ ·. . iïC t/h / Ν -ІЗС t/h , ·. . (q). /_ _
r
·. 
A^ht)*=e0 A(<l) e 0 = Σ A(q)elù,p * (2-25) 
Ρ Ρ 
and the spectral density J (ω ) is given by: 
+ « _. (q) 
\{ш1Я)) =h~ì\ gqq(T) e 1ШР τ<ίτ (2-2б) 
The correlation functions g ,(τ) are defined by: 
qq' 
gq(1,(T) = < F
((l)(t) F(<1' ^  +т)* > (2-27) 
In the derivation of 2-24 it has been assumed that all corre­
lation functions with q φ q' are zero. For hamiltonian 2-1Τ 
one can prove that this condition is fulfilled I 52] . From now 
on the shorter notation g (τ) will be used instead of g (τ). 
<i qq 
For the magnetization in the rotat ing frame: 
-І5С t/h ІЗС t/h 
? = e 0 ï e 0 (2-28) 
it can be shown that its ensemble average is given by: 
< ? > = Tr{?< σ >} = Tr{ï < σ*> } (2-29) 
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Multiplying 2-2k on both sides by I and taking the trace results 
(after some algebra) in the following expression for the relax­
ation to thermal equilibrium of the magnetisation in the rotating 
frame: 
!_< г > = -is JJ«^) ΤΓίΐΑ^,ΐΑ^^,ΪΙΚ σ+-σ >} dt q.,P q ρ P P о 
(2-30) 
For the motion of the transverse magnetization one derives (sub­
stituting 2-17 into 2-30): 
Η < I' > 




 + T"1 . + T"1 (2-32) 
i2 ±2,Fc 2,Dip i2,Q ^ ^' 
Explicit expressions for ΤΊ1 , T"1 . and TT' will be presen­
ted in the next sections. Because the three relaxation mechanisms 
are determined by different correlation functions, no cross terms 
occur in the relaxation formulae. 
Similar expressions hold for the longitudinal relaxation. 
It should be remaxked that the relaxation formulae are only valid 
when h"2 < X (t)2> τ2 < 1, where τ is the correlation time of 
the perturbation. 
2.3.1 Fermi contact relaxation 
The Fermi contact relaxation times have been derived for the 








^Fc 4 (F ) 2 S ( S + 1 ) ^ ^ l e ) + β((ν-8^τ2βϊ} 
where 
g(a;b)= Ъ/(1+ааЪ2) (2-31+) 
ω
τ
, ω„ are the resonance frequencies of spin I and S at the ap­
plied field (following the convention of Ahragam [51] ω
τ
=-γ^ί 
and ω=γ Η ): τ, , τ_ are the correlation times characterizing S e о ' le' 2e ° 
the correlation functions < S (0)S (τ)> and < S (o)S (τ)> , 
respectively. 
The hamiltonian A(t)l.S - < A(t)> I.S gives the same for­
mal expressions for T"1 and T"1 (with τ, =τ_ =τ ). τ is the 
* ι 2 le 2e e e 
correlation time which characterizes the fluctuations of A(t) 
and A2 stands for < A(t)1> - < Ait)^. The second term in the 
above hamiltonian has been introduced to obey the condition. 
^C.(t)>=0. In principle the interaction AI.S(t) should be re­
defined as AI.S(t) - AI S , but in this case the effect on the 
ζ о' 
relaxation is negligible because S2 < < S (t)2>. For the nuclei 
_ _ ο ζ 
in the anion AI.S(t) is a good approximation of the Fermi con­
tact interaction. For the cations the hamiltonian A(t)l.S(t) 
has to be used. An expression for the relaxation time for this 
interaction will be given in chapter VI. 
2.3.2 Anisotropic magnetic dipolar relaxation. 
The anisotropic electron-nuclear dipolar relaxation can be divid­
ed into an intramolecular part and an intermolecular part: 
^.Dip = ^ . D i p ^ ^ + rr2,,Dip(Íntra) (2-35) 
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2.3.2.1 Intermolecular íelaxation. 
The intermolecular relaxation has not Ъееп studied in detail, 
expressions for T^1 _. (inter) can he found in reference [51]· 2,Dip 
Its magnitude will be determined experimentally and To
 π
· (intra) 
will he obtained by subtracting T^ ,1 . (inter) from the total di-
polar relaxation. The intermolecular longitudinal relaxation can 
be treated similarly. Both intermolecular relaxation times are 
proportional to the concentration of the radical [ 51] · 
2.3.2.2 Intramolecular relaxation. 
a. Introduction. 
The relaxation caused by the interaction of two rigid point 
dipoles undergoing rotational Brownian motion has been studied 
by Solomon [ 5h] for isotropic rotational diffusion, and by 
Shimizu [ 551 and Woessner [ 56] for anisotropic rotation. In 
the case of isotropic rotational diffusion the relaxation of 







В = -2-5— (2-37) 
г 
ld le г 
2d г г 
(2-38) 
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where τ is the rotational correlation time. The functions 
r 
G1^T1»T2^ a n d ( ϊ2( τ·|» τ2^ а Г е d e f i n e d ЬУ"· 
G^T^Tg) = Ε((ω3-ωΙ);τ2) + Igim^t^) + 6g( (ыБ+шІ) ;τ2) 
(2-39) 
02(τ1,τ2) = hg(OiT^) + ЗЕЫ^Т^) + бg(ωs;τ2) 
+ g((ш
s
-ω );τ2) + 6g((ωδ+ωΙ);τ2) 
Since an electron in a ir-radical can not he described Ъу 
a point dipole model and because the model of isotropic rota­
tional reorientation is questionable, expressions for the 
anisotropic magnetic dipolar relaxation will be derived with­
out these limitations. 
b. Anisotropic dipolar relaxation between non-point dipoles". 
In a recent article J.W.M, de Boer et al. [57] have studied the 
proton relaxation in methyl substituted aromatic radical anions. 
They derived a formula for the methyl proton linewidth assuming 
isotropic rotational diffusion using methods introduced by Per-* 
rin I 58] and Woessner [ 56] . We will follow their treatment and 
will derive relaxation equations for the case of anisotropic 
rotational diffusion. 
The hamiltonian for anisotropic magnetic dipolar relaxation 
is given by 2-19. Taking the electron spin as a part of the lat­
tice the problem becomes formally equal to Abragam's treatment 
of scalar interaction of the second kind [ 51]. Hence the following 
relations hold: 
- Π -
1,Dip 1 I 
(2-1*0) 
C i D i p " Í J o Í 0 ) + J 1 Í U l ) 
Because the electron spin is Imnped with the lattice and the 
lattice is assumed to be always in thermal equilibrium, it is 
not allowed to apply the derived relaxation formulae to situ-
ations in which the electronic magnetization is not in equi-
librium with the lattice, e.g. in double resonance experiments. 
The correlation functions g (τ) and g-(τ) associated with 
the spectral densities of 2-UO are given by I 57] : 
ι ^ -Ι τ Ι / τ 1 
g (τ) = 4 S(S+1) {< F (t)F (t+τ) > e Ί 3 
-ιω5τ 
+ 2[e < F^tÎF^t+t) > 
ΐω τ
 # - Ι τ Ι /τ 
+ e
 &
 < F^t) F^t+τ) > e ¿} 
1 * -ΙτΙ/τ 
βι
(τ) =^S(S+1) {< F^tÎF^t+i) > e 
+ 2 [e "^ < F2(t)F2(t+T) > 
+ ΤΖ e S <FAt)TAt*t) >}e 2 } 
ΊΟ О О 
(2-1*1) 
where τ, and τ^ are the longitudinal and transverse electron 
spin relaxation times. The functions F I 
components of the T-tensor, defined by: 
(t) are the irreducible 
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F ( ) = Τ (t) 
ο zz 
F At) = HT ( ) - ІТ (t)} (2-1*2) 
ι χζ yz 
F 2 ( t ) = 5 { Txx ( t ) - Tyy ( t ) " 2 І ТХУ ( ) } 
In order to derive 2-Ul it has been assiomed that the molecular 
rotation and the electron spin relaxation are independent. For 
concentrated solutions the electronic relaxation is mainly de­
termined by spin exchange interaction, so the assumption will 
be justified. 
The following expression has been derived I 57] for the 
correlation functions < F, (t)F, (t+τ) > : 
h h 
< FAt)FAt+TJ*> = Σ , , < <ЛЧ (t) > 
h h k , l , k , l , m , n к 1 k l 
X < с. ( т ) с
п
 (τ) > < Τ , , ( t ) T ( t + τ ) > km I n к 1 mn 
(2-U3) 
The ensemble average has been separated into averages over: 
( i) the initial orientation of the molecules at time t with 
respect to the laboratory reference frame: < a, » ,», ,(t)>. 
к 1 kl 
( ii) the rotational diffusion during a time τ: 
<
 Ckm^ ) c l n(T) >. 
(iii) the internal motions: < T,, .# (t)T (t+τ) >. 
κ. ι mn 
It has been assumed that the rotational diffusion and the in­
ternal motion are not correlated. The indices k, 1, к and 1 
refer to the axes of the molecular reference frame at time t; 
m,n refer to the axes of the molecular coordinate system at a 
time τ later. 
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The symbols α » »
 1( ) represent functions of the direc-
tion cosines between the axes of the molecular and laboratory-









 V ι \ι'} 




 > = - 4 a V ι' 6ki - V к δ ι Ί + í5k' Λ ι ' } 
< 42ì 'ki ( t ) > - - ΊΤ {¿V i' 6ki - Г6к'к6і' ι - ;V i6ki'} 
(2-JtU) 
The matrix element с, (τ) represents the direction cosine of km 
the angle formed by the k-axis of the molecular frame at time 
t and the m-axis of the same molecular frame at a time τ later. 
Perrin has shown that due to the symmetry properties of the 
C-matrix the ensemble averages <c, (Oc. (τ) > are zero unless 
they are of the following types : < c*. . >, < c2. . >, < с.. с . . > 
J
 e j*- 11 * IJ * 11 JJ 
and < c. .c .. >. 
The T-tensor components T, » . (t)and Τ (t+τ) are defined in 
к 1 mn 
the molecular coordinate systems. For sake of simplicity, only 
systems without internal motion will be considered. The ensemble 
average <Г » » (t)T (t+τ) > will reduce then to the time in-k χ mn 
dependent product Τ » rT . Making use of the symmetry properties 
of the C-matrix and of the fact that Τ is traceless, substitu­





(t+T)*> = -fl f(T) 
<P1(t)F1(t+T)*> = ^ f ( T ) (2-U5) 
<F2(t)F2(t+T)*> = 1if(T) 
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where f(τ) stands for: 
f (τ) = Σ. { < с2. . > Τ2.. + Σ... [ < с2. . > T..T.. 
1 11 11 J*l Ij 11 JJ 
+ <c..c.. + c.c. > T2. . ]} 
11 JJ IJ Jl IJ 
The elements of the T-tensor (T. .) refer to the molecular со-
J 
ordinate system. 




r) c l n(
T) > a r e 156,58]: 
<c
2
.. > = 1[1 + (1+І6.)е- Ι τ 1 / τ - + (і-ів.)е- ' τ | / τ+ ] 
J J J J J 
< ^ > = 1 [ 1 _ 3(1-6.Je" Ι τ Ι / τ - - i ( l + 6 . ) e - Ι τ Ι / τ + ] 
IK j J J 
Ι τ Ι / τ . (2-1*6) 
< с . . с . , +с. , с, . > = e l i кк ik k i 
where: 
τ ; 1 = 6 {R ± / R 2 - L2 ' } 
τ".
1
 = R. + UR. + R 0 ι J κ 
δ . = (R. - R)/ / R2 - L 2 ' (2-UT) 
J J 
R = 1 ( R 1 + R 2 + R 3 ) 
L2 = ^(R^g + В^з + Rgl^ ) 
R1, R- and R_ are the principal values of the rotational dif-
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fusion tensor t 56I. Substitution of the averages over the 
Brownian rotational motion into f(τ) gives: 
f (τ) = 2. UT1..! (1+6.)е_ ' τ ' / τ- + (1-δ.)β" ' τ ' / τ+ ] 





 } (2-U8) 
During the derivation of 2-1*8 the relations Σ. T. . = 0 and 
° 1 11 
Σ. 6. = 0 have been used e x t e n s i v e l y . Combination of 2-1+0, 
2-Ul, 2-1+5 and 2-1+8 gives t h e f i n a l express ion for T"1 . : 
^.Dip = - u 4 5 - S ( S + l ) { l 2 i П і ( і + ]С2^1-'Т2-> 
+ [ Σ . Τ ^ . Ο - δ ^ ΐ Ο ^ τ ^ , τ ^ ) (2-1+9) 
+ 2 S i V C T j k G 2 ( T 1 i ' T 2 i ) ] } 
The c o r r e l a t i o n t ime a r e defined by: 
τ"* = τ "
1
 + τ " 1 lx χ 1e 
*-¿ - \l + ^ е 
x = +, - , 1. 2, 3 , (2-50) 
The function G 2(T 1 , τ« ) is defined by 2-39. 
An expression for T"1 . can be obtained following the same 
route. The explicit expression is related to ΤΤ,'-ρ,· Ъу replacing 
the function G« by 2G . 
In the special case of isotropic rotational diffusion equa­
tion 2-1+9 reduces to equation 2-36 with: 
B2 = Ι Σ. . T2. . (2-5I) 
Ь i,j ij 
For isotropic rotational diffusion the ten correlation times τ 
and τ„ reduce to the two dipolar correlation times τ,, and τ„,. 2x ^ Id 2d 
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2.3.3 Quadrupolar relaxation. 
The theory of quadrupolar relaxation is given Ъу Ahragam I 51] 
and extended for the case of anisotropic rotational diffusion 
by Shimizu [ 59] and Huntress [ 60] . 
The time dependence of the nuclear magnetization will he de­
scribed by a simple exponential decay, only in the case of 
rapid motion (ω! τ2 < 1 ). Under this condition Abragam showed: 






. The axes of 
the molecular coordinate system are chosen so that for the 
principal values of the V-tensor the following relation holds: 
IV l>IV l>IV I. For this choice the relation 0 < η < 1 
Z У X
 e
2Qq . holds. The quantity — ^ · is called the quadrupole coupling 
constant (qcc). 
It can be shown that the formulae derived by Huntress [ 6θ] 
are special cases of the following general expression, holding 
for rapid anisotropic rotational diffusion: 
+ τ Σ. V2. .(1-δ.) + 2Σ.Σ... 2 τ.} 
+ ι ιι ι ι j^ i jk ι 
k^i.j 
(2-53) 
where V.. are the components of the field gradient tensor in 
the principal coordinate system (S) of the rotational diffu­
sion tensor. For both relaxation mechanisms, anisotropic di­
polar and quadrupolar, the expressions for the relaxation 
times are relatively simple provided that one defines the com-
- 23 -
ponents of the interaction tensor in the frame S. If one tries 
to rewrite the components as a function of the principal values 
of the interaction tensor and of the angle (Ω) between the prin­
cipal coordinate systems of the interaction and the diffusion 
tensor, one obtains rather complicated formulae, similar to the 
expressions published by Huntress. 
2.3iU Summary and conclusion. 






 < 1 
1 о 1 
hold irrespective of the correlation time. Furthermore we can 
simplify the relaxation formulae by letting τ 1 =τ_ =τ : 
Fermicontact relaxation: 









Anisotropic magnetic dipolar relaxation 
1 
(2-5U) 
V.Dip - ¿¿7-s ( s+1){ l si Т 2 І І ( 1 + 1 1 3 * ( 0 ; О + TetvOi 
+ Ι Σ. T ' - . O ^ J U S g i O i x ; ) + 7g(a>
s
;T'+)] 
+ 2 S i V T - k
l 3 g ( 0 ; T i ) + T g ( v T , i ) 1 } 
^ i , j 
(2-55) 
^.Dip = T i ^ S ( S + l ) i l S i Пі ( 1 + в і>»Тв(0;О
 + 13 g U s ;/)] 
+ ΙΣ T». . (1-e . ) ] [Tg(0;T ' ) + 1 3 8 ( ω _ ; τ ' ) ] 
1 1 1 1 + О · . 
- 2k -





(τ')-1 = τ;'* τ"1 χ = +, -, 1, 2, 3, 
For isotropic rotational diffusion 2-55 reduces to: 
^ D i p - ^ 8 ^ 0 ^ 0 * ^ * ^ ^ ^ » 






The formulae for the quadrupolar relaxation remain the same 
(see equation 2-52 and 2-53). If we define analogous to 2-51: 
C2 = f d M e Q H r S . V2..} (2-57) 
О i j j 1 J 
equation 2-52 will reduce to a convenient expression like the 
formulae for the other relaxation mechanisms : 
The formulae summarized above will be used for a quantitative 
analysis of the linewidth data. 
For the qualitative discussion of the relaxation times 
even more simple expressions can be used, because for the ma­
jority of the experiments ω 2τ 1 is much larger than one (for 
о 
every τ): 
Fermi contact relaxation: 
S e
 4 
Г 2>С=ІФ 2 8 ( 5 + 1 ) % 
- 25 -
Anisotropic magnetic dipolar relaxation: 
+ 2 t 2 i V V i ] } 
k ^ i . j 
( 2 - 6 0 ) 
Τ ; ' . = —Z-r- S ( S + 1 ) { T ' [ S . T 2 . . ( 1 + 6 . ) ] + τ' [ Σ.Τ2. . ( 1-δ. )1 
2»Dip I80fi2 - ι υ ι + ι n ι 
+ 2 [ Σ . Σ . . . Τ2., τ'.] } 
ι ¿Φι jk i J 
k=^ i,j 
For isotropic rotation diffusion 2-60 reduces to: 
T
r , D i p = f






The expressions for quadrupolar relaxation remain the same 
(see equation 2-53 and 2-58). 
2.Ц Interaction parameters. 
In this section only an introductory quantum mechanical treat­
ment will he given. The influence of the environment (like 
temperature, solvent and concentration) on the magnitude of 
the interaction parameters will be discussed elsewhere. 
2.lui The hyperfine splitting constant. 
The Fermi contact hamiltonian of a many electron system is 
given by I 50] : 
J^ (t) = Σ. A^tJI.S^t) (2-62) 
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with 









It can be shown [ 61] that the many electron hamiltonian can be 
reduced to the one-spin hamiltonian defined by 2-3 and 2-h. 
The spindensity in equation 2-5 is defined by [ 62] : 




)ΐΨ(?,ί) > (2-63) 
where Μ„ is the total spin quantum пгжЪег of the wave function. 
2.U.1.1 Proton and deuteron hyperfine splitting constant, 
McConnell and Weissman [26,27] have shown that the spindensity 
at proton H. is related to the spindensity (p.) in the 2p or­
bital of the adjacent carbon atom C . They obtained the fol­
lowing relation: 
v • % Pi ( 2 - 6 U ) 
1 
where в~,=к^/Ъу , ü is approximately -25 oersted (0) and the 
ratio Qri/Qr, is equal to the ratio of the gyromagnetic constants. 
The McConnell-Weissman relation has been subject to a series of 
improvements I 63-65]· We will use the semi-empirical Colpa-
Bolton relation [ 6k] to calculate π-spindensities from exper­
imental. hfsc's: 
a H = Qp. + Κε.ρί (2-65) 
For negative aromatic radicals the charge density ε. is to a 
good approximation equal to -p.. Much confusion exist about the 
magnitude of the Q value in spite of the fact that among others 
Colpa-Bolton I 61»] and Fessenden [ 66] have formulated clear rules 
based on a statistical correlation of the measured and theoret-
- 27 -
ically predicted hfsc's: 
Q






vhere R is any substituent different from hydrogen. For the 
aromatic hydrocarbon anions the best values for Q and К are 
-27 0 and -12.8 0, respectively [29]. These values will be 
used throughout this study. 
2.1+.1,2 Alkali metal hyperfine splitting constant. 
The first explanation for the existence of unpaired spindensi-
ty at the alkali nucleus in an ion pair of an alkali cation and 
an aromatic radical anion was given by Atherton and Weissman 
[ 33] . They argued that the cation is bounded to the тг-radical 
and that the unpaired electron was delocalized into the ns-
orbital of the cation. Quantitative calculations on this model 
have been performed by Aono and Oohashi [ 67]· Later Goldberg 
and Bolton [ 68] applied the same model using better wave func­
tions for the aromatic system, in which they took into account 
the influence of the charge of the counter ion on the electron 
distribution in the radical ion [ 69]. All these theories can 
only explain the existence of positive spindensity at the al­
kali metal nucleus. 
The experimental evidence for the occurrence of negative 
spindensity is overwhelming [ 31*-37,70,71] and recently a direct 
experimental proof for the occurrence of negative spindensity 
has been obtained with the NMR method I 20-25]. De Boer [ 3k] 
- 28 -
suggested a way out of this dilemma, analogous to the method 
used to explain the occurrence of negative spindensity in the 
ir-orbitals of the radical anion. He distinguished hetveen a 
zero (p0) and a first (p1 ) order contribution to the spinden­
sity at the alkali nucleus. The always positive p0 can he cal­
culated with the aid of 2-63 from the zero order wave function 
describing the electronic structure of the ion pair. The first 
order contribution is determined by the excited states, which 
can be admixed into the ground state by configuration inter­
action. Canters et al. I 38] have shown that p1 is mainly deter­
mined by aromatic-metal cross excitations and that these exci­
tations usually give rise to negative spindensities. 
The general trent [20-25,35-37] that ρ becomes more neg­
ative going from Li to Cs irrespective of solvent and anion can 
be understood qualitatively. The zero order spindensity depends 
on the overlap of.the valence ns-orbital of the metal (χ ) and 
ns 
the lowest antibonding ir-orbital of the anion. The first order 
spindensity mainly depends on the overlap of X and the bonding 
MO's of the anion. In general the overlap of χ will be larger 
with the lowest aromatic MO's, because the number of nodes in 
these MO's is smaller. However electrostatic polarization will 
enhance the overlap of X with the single occupied MO of the 
anion considerably [ 68]. Because the smaller cations cause the 
largest polarization, the zero order contribution will be rel­
atively larger for the smaller cations. In other words the 
spindensity becomes more negative going from Li to Cs, provided 
that p, iδ negative. 
2.U.2 The anisotropic magnetic dipolar interaction tensor, 
The T-tensor components can be calculated from 2-6 using a zero 
order MO for the ion pair, which [ 38] is a linear combination 
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of the АО's of the alkali cation {χ } and of the MO»s of the 
ν 
aromatic anion {φ }. The molecular orbitals of the anion are 
m 
linear combinations of the set of carbon 2р -AO's {X }. The 
•^z m 
following expression can be derived for the components of the 
T-tensor: 
Tij = V ρ ι Λ Λ ι ( 2- 6 T ) 
vhere 





hIVN < x J l 6 i r 3 1 i V / r 3 l x i > ^-^ 
the indices k,l run over all AO's of {χ } and {χ }i c, , c, are 
m ν к 1 
the coefficients of x, and χ. in the zero order wave function 
of the ion pair: 1., 1. are the direction cosines of r in the 
molecular coordinate system. 
In the actual calculations of T. . the elements p.,, of the 
ij Ik 
spindensity matrix [ 63] were calculated from a first order wave 
function by taking into account all single excited states, which 
can be admixed into the zero order ground state. 
For further discussion equation 2-67 will be rewritten: 
T.. = 2 ρ (T.J + Σ ρ (T..) + Σ 2 . р^ (T. .) . ij a aa ij aa α αα ij act a Ьга. ba ij ab 
+
 2 Σ
0 ^ p 0 (T. .) 0 + Σ Σ [ρ (T..) +p (T..) ] 
о 0эЬа ^ βα ij α0 a a μβα ij aa μαβ ij aaJ 
(2-69) 
where the roman indices refer to the 2p -AO's of the carbon 
atoms in the anion and the greek indices to the alkali metal 
AO's. 
We will now discuss the methods to calculate the different 
integrals (T..), ,: ij kl 
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Two center integrals (k=l). The integrals (T..) were evalua-
ij aa 
ted Ъу McConnell and Strathdee [ 73] for nuclei in the nodal 
plane of a 2p -function and by Derbyshire [ ih] for an arbitrary 
position of the nucleus. Barfield [ 75] has given corrected ex­
pressions for some of the integrals calculated by McConnell and 
Strathdee. The integrals (T. .) can also be evaluated by 
McConnell's approach. 
Three center integrals (kÉl). These integrals can be calculated 
following the procedure outlined by Kern and Karplus [76,77]; 
however, the calculation is complicated. For our purpose 
(T.,) will be approximated using Mulliken's approach: 













B k l - < X k l X l > 
2.U.2.1 Nuclei in the radical anions. 
For nuclei in the anion expression 2-69 simplifies to: 
Τ..=Σ ρ (T..) + Σ Σ., р^ (T..) , (2-71) 
ij a aa ij aa a Ъта ba ij ab 
The other terms are negligible due to the small mixing of the 
free anion and cation wave functions and their small overlap 
(p =z ρ . > ρ > ρ =íp„ and S < 1 ). The three center in-
aa Kab Kaa καα καβ aa 
tegrals involving two carbon АО*s can not be neglected in 
general. Substitution of 2-70 into 2-71 gives: 




Ί 2 ) 
where Re(x) stands for the real part of x. The overlap S , be-
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tween two carbon 2p -АО*s can Ъе calculated easily [ 78] , it 
depends critically on the distance between the two carbon atoms, 
e.g. for neighbouring carbon atoms (r=1.1+0 A) using Slater or­
bitala Б ,=0.2б5, for the next nearest neighbours (т=2.к2 A) 
S =0.0Ul. The ρ 's are of the same order of magnitude as ρ , 
1
 ELD cLD &Q. 
if all ρ , had the same sign the three center integrals could 
give an important contribution to T... In general the contribu-
tions of the two and three center integrals have opposite signs 
and neglecting the three center integrals causes an overestima-
tion of the anisotropic magnetic dipolar interaction. In the 
case that ρ is very small, like for instance at the meta po­
sition in the biphenyl or in the 1,3,5-triphenylbenzene anion, 
the three center contribution can become very important in spite 
of the fact that S , < 1 and the fact that the ρ 's partly 
cancel. Conclusion: the neglect of the three center integrals 
is a rather crude approximation, which is certainly not allowed 
for nuclei bearing a relatively small spindensity. Numerical 
calculations will be presented in chapter IV. 
2.1*.2.2 Alkali metal cations. 
In order to calculate the tensor for the interaction between 
the impaired electron and the alkali metal nucleus, the position 
of the cation with respect to the anion should be known. Because 
the structure of the ion pair is unknown the only chance to ob­
tain structural information is by comparing the measured T-tensor 
with T-tensors calculated for several positions of the cation 
with respect to the anion. Even with the aid of a rapid computer 
such computations are rather time consuming. Therefore we were 
forced to make the following simplifications: 
T.. = (T. . ) . + (Т..)
м
 (2-73) 
ij ij'Ar ij Me 
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with 
(Τ..). = Σ ρ (T..) + Σ Σ.. ρ
ν
 (т..)
 ν ij Ar a aa ij aa а Ъта Ъа ij аЪ 
(Т..)
м
 = Σ ρ (T..) ij Me α aa ij αα 
The contribution to the T-tensor of the alkali nucleus due to 
the spindensity on the anion (T ) can be calculated according 




can be rewritten; all terms where a refers to a s-orbital are 
zero. Furthermore all ρ where α refe 
aa 
bital are negligibly small. Therefore 
rs to a non-valence or 
αα
( Τ··)Μ = \ Ρ (τ· ·) (2-7»*) 
ij Me к Knpk,npk ij npk,npk 
where np, stands for the valence АО's np , np and np . Τ 
к
 х
 У ζ npk,npk 
will be an axially symmetric tensor and can be obtained from 
the spectra of gaseous alkali metals. If all valence p-orbitals 
had the same mixing coefficient (T..),, should be zero, due to 
ij Me ' 
the spherical symmetry of the electron distribution. Results of 
the calculation of the T-tensor for the different alkali nuclei 
will be presented in chapter VI. 
To derive equation 2-73, we have neglected some terms which 
will be shortly commented on. 
The terms p R (T..) R are all negligible. The integrals in­
volving АО's with different symmetry are zero. All other inte­
grals contain at least one non-valence АО and then ρ
 ft will be 
vanishing small. 
The terms ρ (T. .) + ρ (T..) can be rewritten. Using 
aa ij aa aa ij aa β 
2-70 and the fact that for the cations (T. .) > (T..) one 
ij αα ij aa 
obtains: 
Σ Σ ρ (T..) +p (T..) = Σ (T..) {Σ Re(p )S } 
a α aa ij aa 'aa ij aa a ij aa а Kaa aa 
(2-75) 
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In general S < 1, but ρ > ρ , therefore these terms can 
not be neglected, a priori, vith respect to Σ ρ (T. .) . 
' ' * α αα ij ещ 
Although ρ < ρ , Σ ρ (T..) is not necessarily domina-
aa аа' а аа ij аа J 
ting due to the fact that (T..) > (T. .) . So it would be 
ij αα ij aa 
better to take these terms into account. 
2.U.3 The quadrupole coupling constant. 
The field gradient at a nucleus is made up of an intermolecular 
and an intramolecular contribution [ 79] · The intermolecular con­
tribution can in principle be calculated using the point charge 
approximation. The intramolecular contribution can be calculated 
in a way analogous to the T-tensor calculation. 
2.1+.3.1 Nuclei in the radical anions. 
Protons do not possess a quadrupole moment, so no quadrupolar 
relaxation will occur. For the deuterons the electric field 
gradient is mainly determined by the electric charge distri­
bution in the C-D bond [Тб, О] and will be therefore rather 
insensitive to environmental effects. The qcc's of the deuter­
ons in the anions will presumably be almost equal to the qcc's 
of the deuterons in the corresponding neutral hydrocarbons, 
2.U.3.2 Alkali metal cations. 
The intermolecular contribution, which originates from the sur­
rounding ion pairs and free solvent molecules will be small 
because their distribution will have approximately spherical 
symmetry. The contribution of the anion and the solvent mole­
cules inside the ion pair can be calculated provided that the 
ion pair structure is known in detail. The field gradient due 
to the electrons in the cation orbitals originates from the 
electron density in the np-orbital. Using the same approximation 
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as holds for equation 2-lk one obtains: 
(V..)M = Σ ρ' (V..) (2-Тб) 
ij Me к npk,npk ij прк,пр^ 
where (^ ..) is the axially symmetric tensor resulting 
from one electron~in the np orbitaJ. of the metal and can be 
obtained from atomic spectra of the gaseous alkali metals. It 
should be noted that ρ stands for the electron density and 
not for the spindensity in the metal AO's. If the admixture of 
the np -АО in the bonding orbitale of the anion is important, 
then the electron and spin density may differ strongly. Also 
overlap with the orbitals of the solvent molecules may con­
tribute to the electric field gradient at the cation nucleus 
[81]. 
2.5 Correlation times. 
The diffusion equation obeyed by the molecular rotational re­
orientation gives rise to an exponential decrease of the cor­
relation function with a characteristic time τ (see section 
2.3.2.2). From Stokes hydrodynamics Debije and Einstein [82] 
obtained the following expression for a rigid sphere in a con­
tinuous medium of viscosity η: 
x
r
 - * & (2-77) 
where r is the molecular radius. For particles which are not 
large compared to the solvent molecules Wirtζ et al. [ 83] ob­
tained the same expression multiplied by a constant correction 
factor, the microviscosity factor f : 
f




where χ is the ratio of the molecular radii of the solvent and 
the solute. Only for the case that r .. , > r ., . will the J
 solute solvent 
Dehije-Einstein relation hold. Otherwise f is smaller than 
one, e.g. for a pure liquid (r ., ,=r
 Ί
 . ) one obtains 
.. solvent solute 
f = -r : the Dehije-Einstein formula overestimates the rota­
tional correlation time of a pure liquid by a factor six. 
The mutual viscosity model introduced by Hill [βΐ+,θ?] 
takes into account the inertia momenta of the solvent and 
solute molecules: 
τ





where I is the averaged inertia moment, r is the averaged length 
of the semi-axes of the non-spherical molecule and μ the reduced 
mass of the solute-solvent system. 
All models predict that: 
τ ~ n/T (2-80) 
r 
but they calculate different proportionality constants. Also in 
the case of anisotropic rotational diffusion equation 2-80 holds 
156]. 
If the electron spin is modulated by spin-spin interaction 
during the collision of two radicals, the electron correlation 
time (see section 2.3.1) will be proportional to the inverse of 
the collision frequency sind therefore to the inverse of the rad­
ical concentration. If the collision process is diffusion con­





where С is the radical concentration. This relation was the 
subject of detailed theoretical and experimental studies [1*2, 
1+3,86-92] . However, little work has been performed on mixtures 
of radicals [ 18,92]. Therefore we will consider solutions con­
taining η different kinds of spin I radicals in more detail. 
The electron correlation time for a mixture of radicals. 
Assume that only collisions between radicals with different 
spin states contribute to the relaxation: 
k. . 





where R.(ot) denotes a radical R. with an unpaired electron 
spin in the α state and k.., k.. are the rate constants for 
the spin exchange process. Define the conditional probability 
ρ.(m ,m ,τ) as the probability that a radical R. contains an 
electron, which is in state Im > at time τ and was in state 
' s 
lm > at time zero. At time τ the concentration of radicals 
s 
R. bearing an α-spin, which also had an α-spin at time zero, 
is given by p.(α,α,τ)[Η.(α)] .. In the same way the concen­
tration of radicals R. bearing an ß-spin, which had an α-spin 
at time zero, is ρ.(α,β,τ)[ R-(α)] . Because the number of 
particles in the sub-ensemble of radicals R. bearing an 
α-spin at time zero does not change, the following normal­
ization condition holds: 
p.(α,α,τ) + ρ^α,β,τ) = 1 
Analogously: 
ρ^&,β,τ) + ρ^Β,α,τ) = 1 
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(2-83) 
Of course the initial conditions are: 
Pi(a,a,0) = pi(B,3,0) = 1 
Applying within the suh-ensemble the theory of reaction kinet­
ics to the spin exchange process one finds the following rate 
equations for the conditional probability: 
|^ ρ.(α,ο,τ) = - {Σ к...[Н.((3)] } ρ.(α,α,τ) 
+ {Σ к [R .(о)]} р.(α,β,τ) 
fj-pjiß.ß.T) = - {Σ^ . k^fR^a)]} ρ
ί
(β,β,τ) 
+ {Σ к [R.(ß)] } ρ.(Β,α,τ) 
This approach is equivalent to that of Slichter [ 50, appendix C] « 
It has been presupposed that chemical equilibrium exist and that 
the electronic magnetization is in equilibrium with the lattice. 
Therefore the following relations hold: 




f - , f „ = : ( independent of R. ) 
a
 [R^ 3 [RJ * i 
where [R.] is the total concentration of radical R.. 
ι ι 
The solution of 2-83 is: 
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ei J ij J 
The time dependent Fermi contact hamiltonian describing the 
modulation of the electron spin is defined by: 
ÏCFc(t) = AÎ.S(t) - AIzSo (2-8T) 
Following the procedure described in 2.3 and 2.3.2.2 and ne-
glecting the non-secular contributions to the linewidth, one 
derives: 
and (2-88) 
g (τ) = AJ{ < S (t)S (t+τ) > - S2} 
ο ζ ζ ο 
where < S (t)S (t+τ) > - S2 is the electron correlation func-
z ζ о 
tion. Using the conditional probability functions one derives: 
< S (t)S (t+τ) >. = Σ Σ , m m' f ρ. (m ,m' ,τ) 
ζ ζ ι m m s s m
 κ
ι s' s' 
S S S
 (2-89) 
S = Σ m f 
о m s m 
s s 
where f is the fraction of radicals in spin state l m >; m , 
s 
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m may take the values ± 5. Combination of the above equations 
gives the following result for the electron correlation func­
tion. 
- Ι τ Ι /τ
β 
< S (t)S ( +т) >. - S2 = f fQe ! (2-90) 
ζ ζ 1 о a 0 
For spin 5 radicals substitution of the relations < S (t)2> =ц 
Ζ 
and S2 = ¿(f - f j 2 i n t o 2-90 r e s u l t s i n : 
ο α В 
- Ι τ 1/τ
β
. 
< S ( t ) S ( t+τ) >. - S2 = { < S ( t ) 2 > - S 2}e 1 
ζ Z 1 0 ζ о 
(2-91) 
Because S2 < < S (t)2>, equation 2-91 is equivalent to the 
Ο ζ 
electron correlation function used to derive equation 2-1+1 
[ 57]· If only one type of radicals is present in the solution, 
expression 2-86 is in agreement with the theory of Pake and 
Tuttle [ 1*3] , because the rate constant of a diffusion con­
trolled reaction is proportional to Τ/η. 
The rate constants k.. have been studied extensively, both 
theoretically and experimentally [ 86-92]. In our study we will 





The NMR experiments vere performed on a Varían DP-6O-EL spec-
trometer. The spectrometer is a crossed coil, fixed frequency-
apparatus equipped with an external proton resonance field-
stabilization operating at 60 MHz with a range of 30 ppm down 
field to 10 ppm upfield from the tetramethylsilane (TMS) res-
onance. Proton resonances in this field range have been mea-
sured in the high resolution (HR) external lock (EL) mode. 
For proton resonances outside this range and for all other 
resonances the field was stabilized by an V-3506 magnetic flux 
stabilizer and the field was swept by the V-3507 slow sweep unit. 
The resonance field was measured in two ways: 
( i) with respect to an internal reference using the modula-
tion side bands I 93] to calibrate the sweep range. 
(ii) with a proton magnetic resonance field meter of the Al-
gemeine Electricitäts Gesellschaft (AEG). Its proton probe was 
placed in the magnet as near as possible to the Varian measuring 
probe and the proton resonance frequency was used to calculate 
the field. The field could be read directly from a Hewlett-
Packard 52U6-L frequency counter. It was also possible to record 
the field together with the resonance signal discontinuously 
with an event marker or continuously with a double pen recorder. 
In the last case the digital output of the HP frequency counter 
was converted to an analog signal., using a home-made digital to 
analog converter. The first method was used for proton resonances 
outside the EL range, because the proton transmitters of the 
Varian and AEG apparatus interfered. Furthermore, the solvent 
- Ui -
itself provides an excellent internal proton reference signal. 
The second method was used for all other resonances. The lin­
earity of the field sweep was not satisfactory for very slow 
field sweeps, but the method of recording continuously the 
magnetic field by a double pen recorder gives reliable results 
even in this case. Under optimum conditions the differences 
between two resonance positions could be measured with an ac­
curacy of 5 milli0rsted (m0). 
The spectrometer was equipped with a -і*311 60 MHz trans­
mitter and a V-1+210A variable frequency transmitter working in 
the frequency.range 2-16 MHz. The frequency of the variable 
frequency transmitter was stabilized by a set of home-built 
crystal stabilizer units. During the experiment the frequency 
was monitored with an HP-52U5-L frequency counter and had a 
short term stability of 1 Hz and a long term stability (one 
hour or longer) better than 10 Hz. The measuring frequency was 
chosen as high as possible to obtain an optimum signal to noise 
ratio [ 94 , but was limited by the frequency range of the trans­
mitter or by the maximum attainable field (15 kilo0rsted). The 
frequency used for 2H resonance was chosen so that the external 
field applied for proton resonance (at 60 MHz) and for deuterium 
resonance was approximately equal. In table 1 a survey of the 
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Table 1. Resonance frequencies and the corresponding external fields used for 
NMR on the various nuclei. 
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Where possible, the signals were measured in the HE mode 
using 2 kHz modulation frequency as in the case of IH, 6Li and 
'Li resonance. In all other cases where the contact shift and/ 
or the linewidth of the resonances was too large to use the HR 
mode, the wide line (WL) mode has been applied usually with a 
modulation frequency of 20 Hz. 
The temperature could be varied between -180 С and 300 С 
using a continuous flow nitrogen cryostat (Varían Y-h^hO). The 
temperature was measured with a copper-constantan thermocouple. 
Care was taken that the sample was in thermal equilibrium before 
scanning the spectrum. The samples were not spun (unless stated 
otherwise) and were placed in the Dewar tube of the gas cryostat, 
which was fed through the probe body. 
The ESR experiments were performed on a Varían V-U502 and 
an AEG 20-X spectrometer operating at 9 GHz, equipped with a 
gas cryostat of the same type as used on the NMR spectrometer. 
The static susceptibility measurements have been performed with 
a standard Gouy balance using a Newport k inch type A magnet and 
equipped with a Dewar to vary the temperature from -I96 С to 
+ 150 С in which sample tubes with a maximum diameter of "J mm. 
could be placed. 
Any necessary manipulations in an inert atmosphere were 
carried out in a VAC HE-193-1 glovebox with an atmosphere con­
taining less than 1 ppm CU and H-O or in a home-built glovebox 
of similar design with even lower impurity specifications. 
3.2 Preparation techniques and synthesis. 
The alkali metal aromatic radical ion pairs were prepared by 
standard techniques [ 95] · 
The ethers 2-methyltetrahydrofuran (MTHF), tetrahydrofuran 
(THF) and 1,2-dimethoxyethane (DME) were dried over a sodium 
- из -
suspension, distilled in vacuo into a storage "bottle filled 
with Na/K alloy. The polyethers, CH 0(CH2CH20) CH_, were dried 
over a sodium mirror, distilled in vacuo and transferred into 
the sample tube under vacuum using a break-seal I 96]. The poly­
ethers with n=2,3 and h are usually called diglyme (DG), tri-
glyme (TG) and tetraglyme (TTC), respectively. The neutral 
hydrocarbons were first recrystallized from an appropriate 
solvent and then sublimed before being used. The perdeuterated 
hydrocarbons anthracene (A) biphenyl (Bp) and naphthalene (Nl) 
were obtained from Merck. Perdeuterated 1,3,5-triphenylbenzene 
(Tpb) and partly deuterated triphenylene (Tp) have been syn­
thesized by the author. 
Commercially available alkali metals were used to make up 
the metal mirrors. 6Li metal (Philips-Duphar) was used to pre­
pare 'Lid. As reference samples for the metal resonance ex­
periments solutions of 1.0 M 'LiCl, 1.0 M LiClO. , 1.0 M NaCl, 
1.0 M KCl, 1.5 M RbCl and 2.U M CsCl in water were used. The 
solubility of LiClO. in ethers was high enough to utilize an 
etheral solution as reference sample. However, for Li the sol­
vent and concentration effects on the resonance position are 
negligible; therefore we have always chosen a water solution 
as reference sample. 
The synthesis of perdeutero-Tpb has been carried out as 
described in the literature starting from perdeutero-benzene 
and perdeutero-acetic acid [97,98]. The overall yield was 50$, 
the average degree of deuteration 93$ as determined by mass 
spectroscopy and proton resonance. The proton impurity in the 
outer rings (originating from the starting benzene) was lower 
than in the central ring. 
The synthesis of partly deuterated Tp was done by proton-
deuteron exchange using a Friedel-Craft's reaction [99] '· 
- kk -
AlCl 
Tp-d + DC1 . Tp-d ^ + HCl (3-1) 
η n+1 
The Tp obtained was rather impure and could not Ъе purified by 
recrystallization. However direct sublimation gives a 70% over­
all yield of pure Tp containing k2% deuterium. The mass spectrum 
indicated the presence of a large fraction of molecules contain­
ing more than 50% deuterium and even a small fraction with 100$ 
deuterium. The NMR spectrum of the Tp anion indicated that both 
types of protons in Tp have the same affinity for proton-deuteron 
exchange. 
3.3 Techniques and procedures. 
3.3.1 Comput er programs. 
All computations are performed on an IBM 300-50 or an IBM 3TO-155 
computer. 
3.3.1.1 Spindensity matrix. 
The theoretical spindensities were calculated with an open shell 
self consistent field molecular orbital program in the Pariser-
Parr-Pople approximation (PPP-SCF) including configuration in­
teraction of all single excited doublet states. The program 
written by Termaten [ 100] was adapted in order to calculate the 
off-diagonal elements of the spindensity matrix. 
3.3.1.2 Anisotropic magnetic dipolar interaction tensor. 
The program DIPDIP [101] was used to calculate the anisotropic 
magnetic dipolar interaction tensor. The program calculates the 
T-tensor resulting from the interaction of a nuclear spin with 
a full odd electron in a 2p -A0 of a particular carbon atom in 
- 1*5 -
the aromatic radical, according to the theory of McConnell 
and Derbyshire l73,7M· The calculated tensor is multiplied 
by the spindensity present in the 2p -orbital of that carbon 
atom and then transformed to the molecular coordinate system. 
The contributions from all carbon atoms are counted together 
in this coordinate system. Originally the program used a 
Slater 2p function with Ζ =3.135θ I 102]. The program has 
been adapted so that also a Hartree-Fock 2p function I 103] 
can be used and modifications have been introduced in order 
to calculate, if desired, the contribution of the three cen­
ter integrals to the T-tensor (the three center integrals are 
approximated using 2-70). For the calculation of this contri­
bution we need as additional input parameters the overlap in­
tegrals and the off-diagonal elements of the spindensity 
matrix. 
The programs have been tested on the C-Η fragment occur­
ring in the malonic acid radiceli for which the experimental 
T-tensor is known accurately [ 10lt-107] and on the allylic 
TT-fragment in the glutaconic acid radical [ 107] · The structure 
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Figure 1. The structure of the malonic and the glutaconic acid radical. 
The molecular coordinate system used is also indicated. 
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both radicals were performed assuming that all carbon atoms 
lay in one plane and that their 2p -АО's form a conjugated 
it-system. 
The malonic acid radical. Using p. spindensity of one for 
carbon 1, the same results have been obtained as found by 
McConnell and Strathdee [73]. However, evidence exist that 
the unpaired electron is partly delocalized. Applying the 
rules given in 2-66, one obtains p1 * 0.8 for the central 
carbon atom of the malonic acid radical in agreement with 
hyperconjugative calculations [ 108]. Further the magnitude of 
the isotropic and anisotropic hyperfine interaction of the 
1 3C nucleus provides evidence for the delokalization; for 
example from the T-tensor of l 3C one calculates p1 ~ 0.7-0.9 
depending on the value used for < r"3 >[ 102,103,109] . Also 
the spindensity of 0.12 found in the fluor 2p orbital in the 
Ζ 
radical FCHC00H [ kg] indicates spin delocalization. To study 
the effect of the delocalization on the electron-proton T-
tensor some calculations have been performed, according to 
various spindensity distributions. In table 2 the assumed 
spin distributions are indicated and in table 3 the resulting 












0 . 0 
0 . 0 
0 .1 
0 . 2 
P 3 
0 . 0 
0 . 0 
0 . 1 
0 . 0 
Table 2. Assumed spin distributions in the malonic acid radical. 
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Spin dis t r ibut ion С assumes an a l l y l i c 7r-system, while spin 
dis t r ibut ion D has been studied t o investigate the effect of 
the mutual orthogonality of the planes of the carboxyl groups 
as was found in the crystal [110]. The T-tensor calculated 
for spin dis t r ibut ion D does not possess the same principal 
axes as those for А, В and C, for the Τ component i s not 
zero, but +1.6 MHz. This corresponds to a rotat ion of the 
principal axes by I o with respect t o the frame of figure 1. 




















































ТаЪІе 3. Results for the various spin dis t r ibut ions . The T-tensor i s expressed 
in MHz, (B/h)2 in MHz1. All internuclear angles vere assumed to be 120°. The 
resul t s were hardly sensitive to variations of the & Ci Сз angle by 10°. The 
single { Slater and the Hartree-Fock function were taken from references 
1102,103]. The contributions of the three center integrals have been neglected. 
From table 3 i t i s clear that a spindensity of 0.8 at the 
central carbon atom i s more r e a l i s t i c than a spindensity of 
one. The effect of the delocalized part of the spindensity on 
the T-tensor i s negligible. The use of a Hartree-Fock function 
gives b e t t e r agreement with the experiment, but t h i s may be an 
ar te fac t , for the resul t depends c r i t i c a l l y on the value cho-
- 1*8 -
sen for ρ , It should Ъе remarked that this semi-empirical 
approach gives better results than a more sophisticated INDO-
MO calculation [ 111] . The disagreement between theory and 
experiment for the Τ component can Ъе due to the choice of 
zz 
the 2p function (a slightly smaller value of Ζ and/or a 
slightly larger C-Η distance can cause a reversal of the sign 
of Τ ) or due to contributions from σ-spindensity as discussed 
zz 
by McConnell [ 73] . The effect of the σ-spindensity is small 
and not well established. The procedure of Owen and Vincow 
[112] t o account for t h i s effect in aromatic radicals i s ra th­
er speculative, for there i s no a pr ior i reason why the σ-
spindensity should be equal for the malonic acid radical and 
the aromatic radical ions. 
The glutaconic acid radica l . Setting Q= -26.2 φ (see 
equation 2-66) the following Spindensities are obtained from 
the isotropic hfsc 's р..=р_=СІ.І49 and p2= -0.16. The remaining 
spindensity wi l l be delocalized on the carboxyl groups. The 
resu l t s of the T-tensor calculation are presented in table k. proton 1,3 
Τ Τ Τ (B/h)s 
XX yy zz 
1Θ.6 -16.2 -2.1» 103 
17.Τ -15.3 -2.1» 92 
17.0 -1U.8 -2.3 86 
17.Τ -17.3 -0.1» 102 
proton 2 
T
xx V Tzz Μ*? 
-0.6 5.3 -1».7 8.1» 
-0.7 U.9 -1».2 7.0 
-0.9 U.g -'».0 6.9 





Table 1». The tensor elements of the glutaconic acid radical in MHz and 
(B/h)1 in MHz1. ' ) single f , ' ) Hartree-Fock, э ) Hartree-Fock + three 
center integrals , *) experimental T-tensor. 
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At first glance one concludes that the single f function in 
the two center approximation gives the best agreement with 
the experiment. In fact the situation is more complicated, 
Introduction of spindensity in the 2p orbitals of carbons 
C4 and C5 hardly influences the T-tensor of Hi and Нз, hut 
with pi=p =0.09 the (B/h)2 value of proton 2 becomes 11.6 or 
9.9 MHz2 depending on whether the two center approximation 
using the single f or the Hartree-Fock function has been ap­
plied. Furthermore both tensors are very sensitive to the 
value of Q in equation 2-61+, and using Q= -2l| 0 brings the 
(B/h)2 values calculated with the Hartree-Fock function in 
the three center approximation into agreement with the ex­
periment for both kinds of protons. In contrast with the 
malonic acid, the predicted Τ component of proton 2 of the 
glutaconic acid radical is in agreement with the experimental 
one. 
One can conclude that the calculated and measured T-ten-
sors agree. Further the glutaconic acid radical resembles the 
aromatic systems investigated more than the malonic acid rad­
ical. Therefore we will use for the tensor describing the in­
teraction of the proton with the unpaired electron in the 
2p -orbital of the adjacent carbon atom the theoretically 
Ζ 
calculated tensor rather than an experimentally measured one 
based on the malonic acid radical [20,112]. Unfortunately the 
uncertainty in the experimental spindensities prevents us from 
deciding which method of calculation gives the most reliable 
results. 
3.3.1.3 Simulation of NMR spectra. 
NMR spectra consisting of overlapping resonances have been 
analyzed with a curve fitting program, NMRFIT. The experimental 
- 50 -
spectra have been digitized using a Calcomp curve follover 
(Calcomp-502). NMRFIT calculates an NMR spectrum vith a set 
of parameters characterizing the spectrum. It determines the 
sum of the squares of the differences. (SSD) between the am-
plitudes of the calculated and the measured spectrum. The 
program allows for four signals all having different positions, 
linewidths and weigths. NMRFIT is in fact a subroutine of a 
non-linear minimization program (MINUIT) obtained from CERN 
t113]. MINUIT carries out a search in the parameter space un-
til an absolute or local minimum of the SSD has been found. 
MINUIT uses several mathematical methods: a Monte Carlo search 
L11U] , a gradient search [115] and a parabolic fit of the SSD 
function [116]. In order to avoid a local minimum several dif-
ferent sets of starting parameters have been used to get a 
reliable spectrum simulation. MINUÏT allows any parameter to 
be held fixed during a minimization cycle and it can calculate 
reliable standard deviations in the parameters even for fairly 
bad behaving SSD functions. 
All spectra could be fitted within the noise of the ex-
perimental spectrum, using lorentzian lines for the HR spectra 
and derivative lorentzian lines for the WL spectra; the 
lorentzian line shape is consistent with the exponential decay 
of the correlation functions (see section 2,3). 
3.3.1.U Analysis of the viscosity measurements. 
A computer program has been written to calculate the parameters 
λ. for which the Jones-Dole equation (see З-І^) gives a least 
squares fit with the experiment. The program could fit a func­
tion upto the eight power in the concentration. Also a program 
has been written to fit Vand's relation (see 3-16) to the ex­
perimental data. A least squares fit to a linearized form of 
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Vand's relation did not give satisfactory results. Therefore 
the SSD of the calculated and experimental viscosity vas 
minimized with the aid of MINUIT. 
3.3.1.5 Integration of ESR spectra. 
In order to measure the paramagnetic susceptibility Ъу ESR, 
one must double integrate the derivative ESR signal. A program 
which carries out the integration and corrects for a linear 
base-line drift has been written. The experimental spectrum 
has been digitized using the Calcomp curve follower. 
3.3.2 Resonance position. 
3.3.2.1 Fermi contact shift. 
The formula derived for the Fermi contact shift in section 2.2 
holds only for completely reduced solutions of radical anions. 
If a chemical equilibrium is present, its effect should be 
taken into account. Examples of equilibria which can influence 
the Fermi contact shift are the electron transfer reactions 
between neutral hydrocarbons, their mono- and dianions: 
Ar + Ar Ζ Ar + Ar 
(3-2) 
**- *»-
Ar + Ar1" t Ar + Ar2" 
and the exchange of a cation in a paramagnetic ion pair with 
other cations in solution: 
Me + Me+Ar~ Ζ Me Ar" + Me + (3-3) 
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Defining the fraction of paramagnetic species (f ) as the ratio 
of the concentration of the radical anions to the total con­
centration of species involved in reactions of the type de-




 = fpa° (3-10 
The effect of the presence of dianions with a triplet ground 
state will be discussed in chapter V. 
The Fermi contact shift can be determined with equation 
2-15. If ал ideal reference compound existed (the same compound 
as the one under investigation bearing an electron without a spin 
moment), one could measure δ directly from the spectra using: 
с 
6 = Η - Η, (3-5) 
с ρ d 
because only in that case a =o . For the actual reference com-
p d 
pounds, e.g. the corresponding neutral hydrocarbons or the 
diamagnetic alkali metal salts, σ, can be determined accurately. 
d 
However no method is available to determine a . So we assume 
Ρ 
a =o and try to satisfy this assumption as good as possible 
by ал appropriate choice of the reference compound. We proceed 
with a discussion of the errors introduced by this assumption 
ала a proposal for some corrections. 
The radical anion. 
The shielding of the additional electron due to the enhanced 
ring current [117] will be small, 1 ppm or less [ 118,119]. The 
effect of solvent and counter ions on the shielding is usually 
less than 0.5 ppm [ 118,120] . For the shielding of a proton due 
to the changed charge density the following expression has been 
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obtained [ 119,121-126] : 
Δσ = Κ Δς. (3-6) 
where Δσ is the extra shift in ppm (a positive value indi­
cating an upfield shift) and Aq is the change in тг-charge 
density on the adjacent carbon atom due to reducing the neu­
tral hydrocarbon. The empirical value of К is not well estab­
lished. Early publications agreed upon a value of -11 ppm 
[ 119,122] , later larger values have been reported: -ih ppm for 
aromatic carbonium ions I 123] , -16 ppm for the ions of peri-
naphthene [ '\2h] and values between -15 and -25 ppm for the 
dianions of polycyclic aromatic hydrocarbons [ 125,126] . The 
experimental contact shift (equation 3-5) has been corrected 
for this charge effect, using K=-11 ppm and using the electron 
density either calculated with the SCF-program or estimated 
by the assumption that the additional charge density and the 
spindensity of an aromatic anion are equal in magnitude but 
opposite in sign. The effect of the charge density will be 
less than 1$ of the contact shift, because the Fermi contact 
shift due to a full unpaired electron in the 2p -АО of the 
adjacent carbon atom will be more than 1000 ppm. The ring 
current, solvent and counter ion shifts are small and inde­
pendent of the contact shift. Only the contact shifts of nuclei 
bearing a small spindensity can be influenced by them. 
The alkali cations. 
The resonance position of the alkali cations is rather sensi­
tive to the influence of the solvent and the surrounding ions 
[ 127]. The effect of the salt concentration has been partly 
eliminated by using a reference solution of the same concen­
tration as the sample or by correcting for the difference in 
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concentration using the results of Deverell I 128] . This pro-
cedure assumes that the concentration dependence of the shiel-
ding is equal for the sample and reference solution. 
Further the solvation influences the shielding of the 
cations, but no corrections have heen applied to account for 
the difference in shielding due to the different solvents in 
sample and reference. The order of magnitude of this solvent 
effect can he found from the literature. The shifts of solu-
tions of 7Li salts, of equal concentration, in organic solvents 
vary between -3 and +3 ppm [ 129] measured relative to a water 
solution of the same concentration, which causes an error of 
±0.02 0 in the 7Li hfsc and of ±0.006 0 in the 6Li hfsc (it 
should he remembered that the shift of LÌGIO, in water and in 
THF is equal within the experimental accuracy). For î3Na res-
onances shift differences between -13 and +16 ppm have been 
reported [ 130,131] , corresponsing to ein error in the hfsc of 
±0.05 0. For lî3Cs resonances shifts of ±70 ppm [ 127] have been 
found, equivalent to an error in the 133Cs hfsc of ±0.15 0. 
The solvent effect can be influenced or dominated by the 
effect of ion pairing and other interionic interactions. For 
example the 23Na shifts of Nal and NaB0, (sodiumtetraphenyl-
borate) in THF are -6 and +8 ppm, respectively, with respect 
to the corresponding water solutions I 131]· Erlich et al. 
nicely demonstrated the ion pairing effect: addition of an 
equimolar quantity of !_ to a solution of Nal in THF increased 
the 23Na shift approximately to the value observed for NaB0, 
or NaClO. [ 131] . The addition of I2 produces the I ~ ion, which 
gives rise to a solvent separated ion pair whereas I forms a 
contact ion pair. The negative a3Na shift of the Nal contact 
ion pair has been caused solely by the paramagnetic shielding 
of the I~ ion. So even the sign of the shielding of the alkali 
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nuclei in our samples can not be predicted, with certainty. 
From the observation that the shielding is proportional to 
the donor number [ 131] or to the pK [ 130] of the solvent, 
8· 
one may expect, that with decreasing temperature or by using 
a stronger solvating ether, the approximation σ =σ will be­
come better. The solvating power of the ethers increases in 
the order MTHF, THF, DME, DG, TG, TTG [ 132]. 
Apart from the measured alkali resonance shifts for the 
systems Na-Bp-Tg and K-Bp-TTG, the alkali NMR resonances of 
the aromatic ion pairs which are known to be solvent separated, 
always possess an approximately zero shift with respect to the 
reference signals [ 20,23,2U] . So for solvent separated ion pair 
the alkali halide water solutions are good references. For 
contact ion pairs the effects may be as large as indicated 
before, but in these ion pairs usually the Fenni contact shift 
will be an order of magnitude larger than the other shielding 
mechanisms. Also the effect of the ring currents of the aro­
matic anion on the cation shielding is negligible [ 133] . So 
the maximum effect of all other shielding mechanisms on the 
alkali hfsc's will be less than 10%. 
In the alkali resonance experiments and in some of the 
deuterium resonance experiments an external reference has been 
used, in contrast to the proton resonance experiments where an 
internal reference (the solvent signal) was always available. 
Corrections for the difference in bulk susceptibility between 
the sample and the reference solution have been applied, since 
they are relatively important due to the paramagnetism of the 
samples. The bulk susceptibility corrections are calculated 
from the solvent shift (see 3.3.2.2). 
Conclusion: the random errors in the determination of the 
contact shift depend on the linewidth and signal to noise, un-
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der favourable conditions the inaccuracy is as low as 0.2 ppm. 
The systematic errors are larger: for 'H and 2H the hfsc's can 
he affected by ±0.02 0, and the error in the alkali hfsc can 
be ±0.2 0 in less favourable cases, e.g. 1 3 3Cs hfsc's. 
3.3.2.2 Solvent shift. 
The resonances of the solvent nuclei in a solution containing 
paramagnetic molecules are shifted with respect to their po­
sitions in the neat solvent due to the difference in bulJt. sus­
ceptibility. The solvent shift δ for cylindrical sample tubes 
can be calculated by [ 9^ ] : 
6
S » f x Y (3-7) 
χ is the volume susceptibility. Ignoring the diamagnetic sus­
ceptibility, χ can be obtained from the Langevin formula [ 1+9] : 
X
v
 = Ng2ß2eS(S+l)/3kT (3-8) 
where N is the number of paramagnetic molecules in one cubic 
centimeter of the solution. It is obvious that under the same 
conditions as hold for equation 3-k the following relation can 
be derived: 
δ = f^ 0 (3-9) 
s Ρ s 
where δ is the solvent shift of a solution containing only 
s 
paramagnetic solutes (a completely reduced solution of aromatic 
hydrocarbons). Hence a plot of δ versus δ should give a 
straight line, and from the slope the hfsc can be calculated. 
The predicted value of δ using equations 3-7 and 3-8 is 
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usually larger than the experimentally determined shift. 
Several explanations for this effect are possible: 
( i) a part of the starting hydrocarbon decomposes during 
the reduction. 
( ii) the solvent protons possess an additional low field shift 
due to a Fermi contact interaction with the unpaired 
electron on the anion. 
(iii) the diamagnetic susceptibility of the sample and the ref­
erence solution differ and this difference is not negli­
gible with respect to the paramagnetic susceptibility. 
( iv) the sample can not be reduced completely (fp<l) 
The first explanation will apply only in accidental cases 
and can be rejected. The second explanation has been proved 
right for triphenylene [ ІЗЧ and coronene [ 13^-1Зб] anions in 
THF. It appears that the solvent shift increases to the theo­
retically predicted value upon addition of polyethers, which 
replace the THF molecules in the first solvation shell. In 
absence of such polyethers δ remains proportional to the 
starting concentration of neutral hydrocarbon [ 134 . This can 
be understood assuming that the ion pair structure and the 
number of solvent molecules in the first solvation shell are 
concentration independent. For very concentrated solutions 
(>1.5M) one solvent molecule may be in contact with more than 
one radical at the same time and therefore the spindensity at 
the solvent protons will increase more rapidly than the con­
centration. This may be the reason why deviations upto 20% 
from the predicted values have been observed for almost all 
concentrated radical anion solutions, although the solvent 
shifts behave normally at lower concentrations [ ІЗ^ІЗб] . The 
third explanation may give rise to too small solvent shifts, 
but the proportionality with the concentration will be kept. 
The last explanation will have implications for the hfsc's 
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calculated from the contact shifts. Care was taken that the 
reduction was completed as far as possible by following the 
progress of the reduction with the solvent shift. After fin­
ishing the reduction fp has been assumed to be one in order 
to calculate the hfsc. In some cases the hfsc's measured by 
NMR were smaller than those measured by ESR. Sometimes the 
following relation has been used to evaluate fp: 
fp-?!!* (3-Ю) 
P aESR 
This relation has been applied only when the ratio of the NMR 
and ESR hfsc's was independent of the nucleus chosen. If this 
condition was not fulfilled, then the relation was rejected 
because: i) it gives no unique result, ii) the spindensity 
distribution of the anion has been changed, due to the enormous 
concentration difference between the ESR and NMR experiment. 
Whenever the relation has been used to calculate f , it will 
be stated explicitly. 
Conclusion: the random error in the solvent shift is only 
a few Hz. The main systematic error in the calculated hfsc's 
of the nuclei in the anions results from the assumption that 
fp is one at the end of the reduction. The error can not be 
quantified, because it differs for different systems. The in­
vestigated systems are carefully selected in order to obey 
the condition fp=1 as much as possible. 
3.3.3 Relaxation times and modulation effects. 
The transverse relaxation time was calculated from the line-
width of the resonances ; in the HR mode from the linewidth at 





in the WL mode from the peak to peak distance (ΔΗ ) using: 
.Г ІГ 
4 = bjfi *VP ( 3 - 1 2 ) 
where ΔΗ and ΔΗ are measured in 0rsted. The random error in 
P-P 
the linewidth is approximately 4% for the data used in a quan­
titative analysis and 10-15$ for the linewidth data used for a 
qualitative discussion only. 
The contribution of the inhomogeneity of the external mag­
netic field to the linewidth is 0.1-0.5 ppm depending on the 
efforts spent on homogenizing the magnet. For the linewidths 
used in the quantitative analysis the lower limit was kept 
during the whole experiment. Ho corrections have been applied 
for the inhomogeneity broadening, except for the extremely 
narrow 'Li and 7Li resonances, where the linewidths of the ref­
erences have been used as estimates of the inhomogeneity 
hroading. 
In the WL mode the linewidth will he affected by modula­
tion amplitude and frequency broadening. Corrections for both 
effects have been applied [93,137,138] . When possible, care 
was taken to avoid large corrections. 
The measured relaxation times were corrected for intermo­
lecular relaxation (see section 2.3.2). The intermolecular re­
laxation of the solvent protons can be obtained from the sol­
vent linewidth, because it is the dominant relaxation mechanism 
for these protons. Typical values for the relaxation times of 
the solvent protons are 50-150 radians/second (rd/s). The inter-
molecular relaxation of the other nuclei in the system was as­
sumed to be proportional to the relaxation of the solvent pro-
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tons. Because the intermolecular relaxation will Ъе governed 
Ъу the anisotropic magnetic dipolar interaction, the following 





- 2 Н ( solvent) (3-13) 
π 
No correction has been applied for the inhomogeneity broadening 
of the solvent resonances. 
According to section 2.5, the correlation times and there­
fore the linewidths should be proportional to η/Τ. For a qual­
itative discussion of the temperature dependence of the relax­
ation times, TT1 should be plotted versus η/Т. Because of the 
experimental difficulties involving the measurement of the vis­
cosity of the very reactive radical anion solutions, ΊΓ1 will 
be plotted versus η /Τ, where η is the solvent viscosity. 
3.U Viscosity. 
Because the viscosity measurements are only a minor part of 
this thesis, not only the experimental aspects but also theory 
and results will be presented in this chapter. 
З.^.І Theory. 
Grüneisen [ 139] » Jones and Dole [ lUO] have proposed empirical 
relations for the concentration dependence of the viscosity of 
a solution: 
n(C,T) = η (тНі+Ао С^ +AIC+ .... +λ С П) (З-І1*) 
о n 
These authors truncate the power series after \iC2 and XiC, 
respectively. The parameters λ. are usually functions of tem­
perature and so η/η will not be constant. The first term 
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(Xo¿C) results from ion-ion interactions and gives a small 
positive contribution to the viscosity. Falkenhagen [ lUl] , 
Onsager and Fuoss [ lU2] derived a theoretical expression for 
λο from the Debije-Hückel theory for electrolytes. For non-
electrolytes the term λο Sc can be neglected. 
The higher order terms are of empirical origin. The term 
proportional to the concentration accounts for solvent solute 
interactions. This term has been discussed extensively by 
Stokes and Mills [ lU3] and Kaminsky [ '\hh] . The solvent solute 
interaction can be divided into several effects: 
( i) the polarizing influence of the ion (structure making 
effect). 
( ii) the distortion of the original solvent structure by the 
solutes, e.g. breaking of hydrogen bonds (structure 
breaking effect). 
(iii) the size or Einstein effect. According to classical 
hydrodynamics Einstein [ 11*5] showed that a suspension 
of hard spheres in a liquid increases the viscosity 
proportional to the volume fraction of the solute. 
The size effect dominates for large ions like tetraalkylammo-
nium ions [ 1І+6] and strongly solvated lithium and magnesium 
ions. For strongly solvated ions the volume fraction is larger 
than expected, because the size of the solute species has been 
increased by solvation and accordingly the fraction of free 
solvent will decrease. 
The Jones-Dole equation, including terms up to X|C, de­
scribes the viscosity of a solution below 0.01 M within the 
experimental accuracy, in some cases the relation holds even 
for solutions of a few tenths of a molar l 1Ц7] · With in­
creasing concentration an increasing number of terms is nec­
essary to describe the measured viscosity within the experi-
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mental error [ 1Í*3,1U7,1U8] . Studies of electrolytes in non-
polar solvents (presented in the next section) indicate that 
terms upto C4 are necessary to describe the experimental data 
with a satisfactory accuracy. 
The breakdown of the Jones-Dole equation at high concen-
tration both for electrolyte and ion pair solutions will be 
caused by the size effect. Although most studies mention the 
size effect, most authors do not realize that the expression 
derived by Einstein: 
η/η = 1 + a.VC (3-15) 
о im 
only applies for dilute solutions. The above equation has been 
derived for a suspension of hard spheres with a.=2.5; V the 
molecular volume. For macroscopic particles V С should be re­
placed by φ, the volume fraction. Simha [ lUSjI^ +i?] has derived 
an expression for a1 in the case of ellipsoïdal particles: a. 
is a function of the ratio of the semi-axes (a >2.5)· 
Vand [ 150] , taking into account the interaction of the flow 




where a1 is a function of the shape of the solute particle 
(as in equation 3-15) and Q is a particle interaction con-
stant; for spherical particles a =2.5 and Q=0.609 I 150] . 
Hence for concentrated solutions one expects that the 
relation of Vand will describe the concentration dependence 
of .the viscosity better than a relation of the Jones-Dole's 
type. Indeed it was found that for all ion pair solutions 
studied Vand's relation describes the experimental results 
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better than a Jones-Dole equation including terms up to \4(f . 
The temperature dependence of the solvent viscosity of 
THF and DME and of the solution viscosity of NaBtf», in THF can 
Ъе described by an Eyring equation [ 1^ 3] with a constant en-
t t 
thalpy (ΔΗ ) end entropy of activation (Δ3 ). 
3.1*.2 Experimental results. 
The viscosity of the pure solvents have been taken from various 
sources: THF [6,151] , DME 16] . The viscosity of the solutions 
of NaB0i in THF was measured by Grotens et al. [ 152]. We have 
measured the viscosities of solutions of NaNl in DME (0.25 M 
- 2.0 M) at room temperature. The reduction of the samples has 
been followed by measuring the NMR spectrum of the solvent. 
The measurements have been performed with Ubbelohde viscome­
ters according to the method outlined in reference [ 133] . The 
solutions were prepared in high vacuum glass apparatus. The 
samples were opened in a glove-box and the solution was poured 
through a sintered glass filter into the viscometer. The re­
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Table 5· Viscosity of NaNl in DME at 25°С in centipoise (cp). The 
accuracy of the viscosity and concentration measurements is 2%. 
З.І+.З Discussion. 
Concentration dependence of the viscosity. 
A least squares fit of the data of table 5 to Vand's relation 
gives : 
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a,V = O.87 ± 0.05 1 m 
QV = 0.1U ± 0.03 
m 
with a root mean square deviation between the experimental and 
calculated viscosity of 0.02І* cp. Molecular models of the ion 
pair indicate that the shape of the ion pair can he approximated 
by an ellipsoid with a ratio of the semi-axis less than two. 
For ratios equal to one and two one calculates for the param­
eter a1 I 1U3] values of 2.5 and 2.8, respectively. Hence the 
molecular volume of the ion pair is »0.328 1/mol. The apparent 
molar volume [ 152] of unsolvated NaJSl is 0.120 l/mol (calcu­
lated from the concentration dependence of the density of the 
solution). The molecular volume of DME is O.IOI+ 1/mol. There­
fore the solvation number of NaNl in DME is 2.0+0.2. The order 
of magnitude of the measured solvation number and the excellent 
fit of the experimental viscosity to Vand's relation strongly 
support the Einstein viscosity model for the solution of KaNl 
ion pairs in DME. 
Similar results have been obtained for solutions of НаВФ. 
in THF 1152] and in our laboratory for LiClO. and LiBr in THF. 
The sodiumtetraphenylborate solutions have been studied as a 
function of the temperature. At all temperatures Vand's rela­
tion is satisfied within the experimental error untili satu­
ration occurred (0.8 M at room temperature). LiClOi and LiBr 
followed Vand's relation upto 2.5 M, above this concentration 
the viscosity increased more rapidly than expected, possibly 
due to cluster formation. 
Temperature dependence of the viscosity. 
The temperature dependence of the viscosity of NaB0. follows 
t t . . . . 
an Eyring equation, both ΔΗ and Δ3 increasing with increasing 
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concentration. Generalizing [ 1І+3] this observation to other 
solutions of ion pairs: η increases more rapidly with de­
creasing temperature than η , so T^1 will increase more rapidly 
than η /Τ and a plot of the linewidth versus η /Τ will not give 
a straight line. Nevertheless these plots can be used for a 
qualitative discussion of the temperature dependence of the 
linewidth as the results on NaB0, show. In figure 2 the I 3Na 
linewidths for a 0.2 M and a 0.5 M solution of NaB0, in THF are 
plotted versus η/Τ. Since,all points for both solutions fall on 
the same line, the difference in linewidth between the two so-
20 25 30 
visco$ily/Tx105,p/oK 
Figure 2. Ha linewidth of НаВф^ in THF as a function of the viscosity 
and the temperature. •: 0.2 M НаВфц in THF versus n/T. °: 0.2 M НаВфц in 
THF versus η /T. °: 0.5 M ИаВфі, in THF versus η/Τ. ·: 0.5 Μ НаВфц in THF 
versus n /T. 
о 
lutions at the same temperature must be caused completely by 
the difference in solution viscosity. Furthermore the 2 3Na 
linewidths are plotted versus η /Τ (see figure 2). The cur­
vature of the plots of T^1 versus n /T is small but larger than 
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the curvature of the plots of TT1 versus η/Τ. Also for NaB0i 
in DG, TG and TTG solutions [ 133] , where no structural changes 
of the solvent separated ion pairs are expected, plots of TT1 
versus η /Τ give almost straight lineç. 
Conclusion: Although care should be taken with the inter-
pretation of the plots of the linewidth versus η /Τ, qualita­
tive information can he obtained from them. Enhanced relaxa­
tion at low temperature indicates that the enthalpy of acti­
vation of the viscosity process is larger for the solution 
than for the pure solvent. Enhanced relaxation at high temper­
ature indicates the existence of a relaxation mechanism, which 
varies with Τ/η, or a relaxation mechanism with a temperature 




NUCLEAR MAGNETIC RESONANCE ON THE RADICAL ANIONS. 
1+.1 Introduction. 
Proton resonance on solutions of organic radicals has been 
performed successfully by De Boer and MacLean [ 16] on partly 
reduced aromatic hydrocarbons and by Hauser et al. [IT] on 
neutral radicals. Hauser could observe protons with a small 
hfsc only. Canters [ 19] observed resonances of protons with 
hfsc's of several 0rsted in concentrated solutions of the bi-
phenylide ion in DME. Kreilick [ 153] developed a method to 
observe the NMR of protons in neutral radicals with a large 
hfsc: into a solution containing the radical he introduced a 
high concentration of di-t-butylnitroxide (a liquid organic 
radicai) in order to reduce the linewidths of these proton 
resonances. The decrease of the linewidth is due to the en­
hanced electron spin exchange rate (see section 2.5). The 
second radical introduced to obtain this effect was called a 
spin relaxer. 
NMR experiments on other nuclei in organic radicals have 
been reported recently 2Ό NMR on deuterated aromatic hydro­
carbon anions was carried out in our laboratory [2U,15^] and 
1 3C, 1 4N and I 9F NMR by Kreilick et al. I 155] . In this chapter 
the results obtained with 'H and 'D NMR on several radical 
anions will be discussed and the measured linewidths will be 
analyzed quantitatively. 
k.2 Theory. 
Most of the theory necessary has been presented in chapter II. 
Here some topics of interest only for this chapter will be 
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discussed. First the differences between Ή NMR and 2D NMR 
will Ъе discussed. Then the quantitative linewidth analysis 
will Ъе outlined and finally a short discussion will Ъе given 
ahout the effect on the linewidth resulting from electron 
transfer in partly reduced solutions. 
U.2.1 Resolution enhancement. 
The contact shift (in ppm) is independent of the isotope mea­
sured, under the restriction that there will Ъе no isotope 
effect on the unpaired spindensity at the nucleus. For per-
deutero-benzene a relatively large isotope effect of 5% has 
Ъееп reported [156], but for deuterated naphthalene the effect 
is only «2^ [ 157] · The isotope effects determined in our ex­
periments are of the same order of magnitude and fall within 
the statistical error of the measurements. 
Ignoring the quadrupolar relaxation of the deuterons, the 
linewidth of both protons and deuterons will originate from 
magnetic relaxation mechanisms. The linewidths (in rd/s) are 
proportional to yiL as can be seen from the expressions derived 
for the Fermi contact and anisotropic dipolar relaxation, see 
section 2.3·^. In units of rd/s the contact shifts are propor­
tional to Y,T. Therefore the resolution of the
 2D and Ή spec-
'N 
trum will differ Ъу a factor Уи/у* I 158] · Because the gyro-
n V 
magnetic ratio of the deuteron is much smaller than that of 
the proton, ц/ ^б.г, the resolution of the deuterium spectrum 
should increase Ъу this factor. In realistic cases the resolu­
tion enhancement is always less [ 159] , due to the contribution 
of the quadrupolar relaxation to the 2D linewidth. In the 
exceptional case that the quadrupolar relaxation is the domina­
ting relaxation mechanism, the resolution may even decrease. 
- 69 -
The use of partly deuterated molecules of course will increase 
the resolution of both resonances. 
It.2.2 Signal to noise ratio. 
According to Abragam [ 51] the signal to noise ratio (SN) of a 
nuclear resonance signal under the saturation condition 
Ύ
Ν
Η 21 Τ1 Τ2 = 1 ÌS e i v e n Ъ у : 
S N e c1 c2 N (ì7 ) Ì^H , 2 H 3o / ,W l ) (Ц-1) 
where с is an expression containing universal constants, Cp 
is an expression containing the following spectrometer depen­
dent parameters: the coil volume, the filling factor, the 
quality of the receiver coil, the bandwidth of the amplifier 
and the temperature of the receiver coil; N is the number of 
spins in 1 cm3 of the sample and all other symbols have their 
usual meaning. From the expression it is clear that SN is 
proportional to 
( i) γ!/2! (IN+1) at constant field 
(ii) γ
Ν
 I (I +1) at constant frequency 
provided that Τ =T and that the nuclei can be detected under 
identical conditions (equal concentration of spins and equal 
detector constants). Under these conditions SN
n
/SN= 2.U7X10"2 
at constant field. However, according to equations 2-51* and 
2-56 the condition Τ1=T will not be fulfilled in our experi­
ments. When ω*τ2>1 one finds T^ /T.^ l for Fermi contact relax-
fa e ¿ ι 
ation ала Τ /Τ =6/7 for anisotropic magnetic dipolar relaxation. 
For quadrupolar relaxation the condition will be fulfilled, so 
that Τ /T will be larger for deuterone than for protons. In 
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conclusion: an advantage of 2D HMR as compared to Ή NMR is 
the strongly improved resolution, but a disadvantage is the 
low SN ratio. However the more favourable ratio of Τ and 
Τ of the 2 D resonances partly compensates the drop in SN. 
Finally the use of a spin relaxer always favours the SN irre­
spective of which nucleus is considered, because it decreases 
the relative contribution of the Fermi contact relaxation and 
therefore increases Τ /Τ . 
k.2.3 Linewidth analysis. 
i) Proton linewidth. 
Apart from a small contribution of the intermolecular aniso­
tropic magnetic dipolar relaxation (see sections 2.3.2 and 
3.3.3) the Fermi contact and the intramolecular anisotropic 
magnetic dipolar relaxation are the only important relaxation 
mechanisms. The linewidth of proton k, assuming isotropic 
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) + g(ü>s-,Te) 
(U-3) 
- T i ­
li τ' , τ' are known, τ and τ 0 can Ъе obtained Ъу solving e' d ' e d 
equation U-3 using numerical or graphical methods. For the 
graphical method τ and τ , are plotted versus τ and τ . 
(see figure 3). For simplicity we wil l refer t o the correla­
t ion times τ' and τ' in equation h-2 as τ and τ , , hut a l l 
e d 4 · e d ' 
numerical values reported for τ and τ, will be corrected 
according to U-3. 
10 12 Η 16 IB 20 
τ , picosecond 
Figure 3. and t, versus τ,: 
α . α 
for ω »г.ивХЮ1 'rd/s. 
The straight lines are the asymptotes of the functions τ and τ . 
The hfsc /L. can be obtained from the Fermi contact shift, 
whereas В can be calculated from the spindensity distribution. 
If the hydrocarbon contains carbon atoms not attached to a pro-
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ton, the complete spindensity distribution can not be obtained 
from the hfsc's. In that case the remaining spindensities are 
obtained by taking: 
( i) the trace of the spindensity matrix equal one, 
(ii) the ratio of the unknown spindensities equal to the ratio 
of the spindensities calculated by the SCF-MO method, in­
cluding configuration interaction of all single excited 
states. 
In discussions involving only the diagonal elements of the 
spindensity matrix we will use the notation ρ instead of ρ . 
л. .КіС 
Because A^ and В are available now for every proton, τ and 
τ, can be calculated from the linewidths of two or more in-d 
equivalent protons by solving the set of linear equations 
defined by k-2. Unfortunately the set of equations is often 
highly dependent, because not only iL but also В is often 
proportional to ρ . It can be judged from 2-71 that for a large 
spindensity on the adjacent carbon atom and small spindensities 
on the non-adjacent carbon atoms B, will be proportional to ρ, , 
since the r-3 dependence of the dipolar interaction renders 
the non-adjacent contributions to the T-tensor negligibly small. 
If the above conditions are not met (a small spindensity on the 
adjacent carbon atom), R will not be proportional to ρ and 
accordingly the set of equations will not be linearly dependent. 
Conclusion: only for radicals containing at least one pro­
ton with a small hfsc can a complete analysis of the linewidth 
data be given. In all other cases only the electron correla­
tion time can be estimated by assuming that the total linewidth 
is due to Fermi contact relaxation. This assumption introduces 
a systematic error: τ will be slightly overestimated. The lim­
iting values for τ can be calculated by solving U-2 for the 
situations τ ,·<τ and τ,=τ . The presented numerical results d e d e 
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will Ъе the average value of the limits, while the quoted 
error will include the limiting values. 
ii) Deuterium linewidth. 
Apart from the magnetic relaxation mechanisms the quadrupolar 
relaxation also contributes to the deuterium linewidth. If 
both protons and deuterone have the same correlation times τ 
and τ , the magnetic contribution to the 1D linewidth is given 
by: 
2D,Fc+nip > ' 2H v ; 
η 
provided that there is no isotope effect on the spindensity 
distribution. Equation k-h can be applied to solutions of 
partly deuterated radicals and to mixed samples, i.e. solu­
tions containing both normal and their correspondingly deu­
terated radicals. If not stated otherwise the mixed samples 
will contain 30% normal and 50% perdeuterated hydrocarbons. 
Substituting k-k into 2-32 one derives: 
T 1 = T 1 - (—VT 1 (U-5) 
2D,Q Х20 Ky„' 12H ν μ ^ 
η 
From TT'L the quadrupole coupling constant can be calculated 
¿JJ ,t¿ 
provided that τ is known, or the rotational correlation time 
can be calculated if the qcc has been determined in an inde­
pendent way. 
U.2.U Effect of electron transfer on the linewidth. 
If neutral parent hydrocarbons are present in the solution of 
the radical anion, the following processes cause a time de­
pendence of the Fermi contact hamiltonian: 
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, ι*' 
Ar + Аг(а) 
Ar + Ar(ß)* (Ц-6) 
Ar(B) + Ar(a) 
where к and к are the rate constants for the electron trans-
e 
fer and the spin exchange process, respectively; Ar(a)~ and 
Ar(0)~ stand for the radical anion with spin α and β, respec­
tively, and Ar stands for the neutral diamagnetic molecule. 
The concentration of the diamagnetic molecules will be de­
noted by [ D], the total concentration of paramagnetic anions, 
[Ar(a)-]+lAr(0)-] , by [P] . 
Ignoring non-secular contributions to the linewidth, the 
following hamiltonian will describe the time dependent Fermi 
contact interaction: 
JC (t) = A(t)l S (t) -<A(t)l S (t)> 
Г С ta t* ¿ζ 
The last term is necessary to fulfil the condition that the 
time average of the relaxation hamiltonian is zero [ 51] · The 
time dependent motion of A and S due to electron transfer is 
correlated, so that it is not allowed to average them sepa­
rately. In the notation outlined in 2.3 one derives: 
V.Fc " * J o ( 0 ) 
and 
Аг(а) + Ar 
Ar(e) + Ar 
Аг(а) + Ar(ß)* z=l 
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g (τ) = < А( )А( +т)3 (t)S (ΐ+τ)> - < A(t)S ( ) ^ 
о ζ ζ ζ 
(U-7) 
Consider now the case that Ar contains one proton of which 
the hfsc in Ar" is equal to A. Denoting the fractions of 
molecules in state Ar(a)", Ar(ß)" and Ar Ъу f , f„ and f^ , 
α 3 D 
respectively, one can derive that: 
< A(t)S ItP* = Uf -fJ'A1 (U8) 
ζ ot ρ 
The time evolution of the three particle system is completely 
defined by nine conditional probability functions: 
ρ(α,α,τ) - f + ТТГ e ТТГ e 
a 0 a ß 
a ß a ß 
p ( ß , ß
'
T )
 'Ρ V f e V
f ß 
(U-9) 
The other five conditional probability fimctions will not con-
tribute to g (τ) because either S (t) or S (t+τ) is zero. The 
ο ζ ζ 
expressions for the conditional probability have been obtained 
by the methods outlined in 2.5. Now the first term on the left 
side of expression h-1 can be evaluated: 
- 76 -
< A(t)A(t+T)S ( t ) S ( ΐ+τ)> = ¿A2{f ρ ( ο , α , τ ) - f ρ ί α , β , τ ) 
и с* Ol Ol 
f ο ( β , ο , τ ) + f e p ( í , P , T ) } 
α 
(U-10) 
S u b s t i t u t i o n of 1+-8, U-9 and It-10 i n t o t h e express ion for 
g (τ ) y i e l d s : 
U f f -(k[D]+k [Ρ] ) | τ | 
f
a
+ f 3 
(U-11) 
+ ff f I» _ J D _ - ( к І Б ] + к [ Р ] ) | т к 
u a _ I ß ' f +fe 
The formula for the transverse relaxation time becomes: 
' α 0 α 0 
where : 




 = к [ D] 
τ - =к[Р] 
Because f -f
a
 is a small quantity (at room temperature 
ο Ρ 
f -fj»1Cf4(f +f.)) the second term can he neglected, provided 
α 0 a Ρ 
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that τ,-^ ΙΟ'τ . Equation U-12 then transforms into: 
о a 
with f =f —If, where f is the fraction of paramagnetic spe­
cies. The relation holds for every degree of reduction and is 
in agreement with the expression obtained by De Boer and 
MacLean [1*1] for the rapid exchange case. Although it was not 
stated explicitly, their expression also holds for any degree 
of reduction. 
For the derivation of 1*-13, according to the method of 






From a careful analysis of the Bloch equations [ Ul] it appears 
that the condition required for τ is too strong. Even if the 
much weaker condition δ т^ <1 is satisfied, we can use Д-13 
с b 
provided that the condition for τ (τ < hA"1 ) still is satis-
3. 3. 
fied. When δ τ,_>1 one will observe two separate signals for 
C D 
the anions and the parent hydrocarbon at any degree of the 
reduction. However, to observe separated signals in solutions 
of 1 M concentration, the rate constant for electron transfer 
should be less than 104 mol/l.s, a rather unrealistic value. 
In our experiments the degree of reduction is large, so 
τ will be large. Even with an extremely large rate constant 
for electron transfer of 1010 mol/l.s [ 1б0] , τ
ρ
 will be larger 
than 10"' s in solutions containing less than "10% neutral hy­
drocarbons. Because τ ^ ІО-10 s for concentrated solutions, τ 
e * a 
will be equal to τ for our experiments. Therefore U-13 reduces 
to 2-59 apart from a factor fp. If the hfsc obtained from the 
contact shift has been corrected for the fact that fp^l, one 
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calculates from 2-59 for τ too small a value. When the hfsc 
e 
has been calculated from the contact shift under the assump­
tion that fp=1» one calculates for τ using 2-59 too large a 
value. Because the deviation from complete reduction is at 
maximum only a few per cent, the effect of the electron trans­
fer on τ will fall within the experimental error. 
The effect of electron transfer on the other relaxation 
mechanisms can be treated similarly. Summarizing the results: 
т
•2 ,,D ip
=2ïï fP (f ) í ( τ; , + τ; , )• , ^ 
2tQ КГ h '
 T





ί ι 5(^)Μ 
С*
2
 = f d H e Q ) 1 ^ . .< V.'.(t)2>} 
О 1,J IJ 
and 
vtT = < v..(t)> 
1J 1J 
V.'.(t) = V..(t) - ?У 
1J 1J 1J 
Because the electron spin is not involved in the quadrupolar 
relaxation, the derivation of ТГ1 reduces to a simple two-
sites problem. This problem is mathematically equivalent with 
the equilibrium between two ion pairs, which will be discussed 
in section 6.2.1. The quantities V^T and < V.'. (t)2> can be ex-
J-J 1J 
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pressed in the elements of the field gradient tensors of the 
neutral hydrocarbon, VT., and of the paramagnetic anion, vf.: 
(U-15) 




 f ^ . ij D ij Ρ ij 
< Л(*)'>-
 р
( ?. -vj.)' 
If τ,>τ one obtains: 
Ъ r 
where (T^1/))^ SJ1^ (T^1
 0)р ere the quadrupolar linewidths of the 
neutraJ. hydrocarbon and the radical anion in absence of electron 
transfer. 
k.3 Results. 
In the first section the hfsc and spindensities derived from 
the Fermi contact shift will he presented, together with ESR 
and МО-calculation data. The next section is devoted to the 
calculation of the dipolar, interaction tensors. In the last 
section the linewidth data will be presented. The results on 
N1 and Tpb have already been published elsewhere [ 2U,l65]. 
Within a section the data will be presented according to the 
alphabetic order of the names of the hydrocarbons. All errors 
quoted are three times the standard deviation, unless stated 
otherwise. The concentration quoted for mixed samples repre­
sents the sum of the concentrations of the normal and deute-
rated compound. 
U.3.1 Hyperfine splitting constants and spindensities. 
The hfsc has been calculated from the Fermi contact shift after 
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the corrections discussed in 3.3.2.1 have Ъееп applied. The 
spindensity has been calculated with the Colpa-Bolton rela­
tion (see 2-65). In the MO calculations all carbon-carbon 
bond lengths have been taken equal I.U0 A. 
r 
The anthracenide anion has been studied in THF with Li and Na 
as counter ions. A typical spectrum is presented in figure k, 
it was obtained from a mixed sample, containing 1.2 M of an­
thracene, carefully reduced with Li until maximum solvent 
shift was reached. The variation in the noise pattern and also 
the discontinuities in the spectrum are caused by changes in 
the spectrometer settings. To avoid large linewidth corrections, 
due to modulation broadening, the narrow 2D resonances have 
been observed in the HR mode. In all HR deuterium spectra the 
high field 2 KHz side band has been detected. The measured 
hfsc's are summarized in table 6. 
Both with Li and Na anthracene can be reduced to its di-
negative ion. Using Li we were able to observe the NMR spectrum 
of the dianion, also observed by Lawler et al. [ 125,126]. 
The lithium mixed sample has been measured only at room 
temperature (Я5300С). The sodium sample was measured at 50°С 
eind was 2.2 M in anthracenide (non-deuterated). Its composition 
was 92% monoanion and ß% dianion, determined by chemical analysis 
and by comparing the solvent shift at the end of the reduction 
with the maximum shift observed during the reduction of the 
sample. The extremely high concentration and the elevated tem-
αο 
I 
Ή NMS at 60 0 MHz 
Figure h. NMR spectra, at 300C, of normal and perdeutero-antbracenide (in equal concentrations) in THF with Li as 




ад 'H-NMR -2.63+0.10 -1.56±0.03 
Ύ
Η 
«Ljj 'D-NMR -2.71±0.02 -J.5U±0.01 -5.28±0.09 
Na-Anthracene-THF 
ад 'H-HMR -2.65±0.0l* -1.52+0.02 -5.1»U±O.0U 
Free anion 
I Ид I ESR 2.729±0.001 1.5P8±0.001 5.298±0.0O1 
Table 6. Hfsc's (in îirsted) of the protons and deuterons of 
anthracene reduced with Li and Na. The ESR data have been taken 
from I 161]. The hfec's of the nuclei at the other positions can 





















Table 7. Spindensities of the anthracenide anion. The signs 
of the ESR spindensities have been taken in agreement with 
the HMR data. 
perature was necessary to resolve the very broad H» resonance. 
m 
The Hi and Hi resonances have been studied also at lower con­
centrations and temperatures. Within the experimental accuracy 
the hfsc's are concentration and temperature independent. In 
table 7 the spindensities calculated from the NMR hfsc's have 
been compared with ESR data and results from SCF-M0 calcula­
tions (including configuration interaction). The NMR spinden­
sities have been obtained from the more accurate 'D hfsc, and 
- 83 -
they will Ъе used in the calculation of the T-tensor. 
A mixed sample of the biphenylide anion has been prepared in 
DME with sodium as reducing agent. The sample was reduced as 
far as possible by prolonged contact with the sodium mirror 
at low temperatures. The total biphenyl concentration was 1.5 M; 
the spectra were scanned at 30°C. Since no deuterated solvent 
was introduced, the contact shifts were measured with respect to 
the resonance position of a D_0 sample used as an external ref­
erence. The hfsc's and spindensities are gathered in tables 8 
and 9· The inaccuracy of the largest proton hfsc is caused by 
serious overlap of the resonance signals. Only a computer simu­
lation with HMRFIT allows a complete analysis of the proton 
spectrum. In the calculation of the hfsc's it has Deen assumed 
that fp=1. 
Na-Biphenyl-DME 
ад 'H-NMR -2.1(9±0.01 О.Зб±0.О1 -U.85+0.09 
Y H 
— а„ 'D-NMR -2.50±0.01 O.3lt±0.Û1 -І4.9в±0.ОЗ 
YD ^ 
I a^ I ESR 2.7010.01 0.U0+0.01 5.U6+0.01 
Table 8. Hfsc's of biphenylide in 0rsted. The ESR data have 























Table 9· Spindensities of the biphenylide ion. The signs 
of the ESR spindensities have been taken in agreement with 
the NMR data. *) The more accurate deuterium hfsc has been 
used to calculate p4. 
Naphthalene 
Only naphthalene reduced with sodium in DME has been studied. 
To samples containing Nl-d« perdeutero-THF was added as an 
internal reference. The contact shift has been studied as a 
function of the degree of reduction in order to investigate 
relation 3-h. The fraction of radical anions has been deter-
mined from the solvent shift using equation 3-9· The results 
obtained on two samples containing normal and perdeuterated 
N1, respectively, are shown in figure 5 and 6. 
After maximum reduction was reached the concentration of both 
samples has been varied by distilling the solvent in or out 
of the calibrated sample tube (10 mm precision bore tubes). 
The concentration was derived from the sample volume (accuracy 
better than 5$)· Between 0.3 M and 2.3 M the hfsc's are con-
centration independent. The averages of the hfsc's obtained 
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Figure 5· Proton contact shifts versus 
the degree of reduction for α l.lt M 
solution of N1 in DME at 30°С. The line 
is dashed in the region were no signal 
could Ъе observed. 
Figure 6. Deuterium contact shifts 
versus the degree of reduction for 
a 0.9 M solution of Nl-d«. A small 





2D-KMB at i l ; HNz 
'O-NMRatgU MHz 
1 Ή-ΝΜΙ) I t BUD ИНГ 
Figure 7. HR and WL deuterium, and WL proton spectra of a solution containing 
I.63 M naphthalene and 0.62 M perdeutero-naphthalene in DME, which was completely 
reduced with sodium. The peculiar shape of the THF-d» reference signal in the 














U.925±0.003 1. 20+0.002 
U.989±0.003 1.878±0.003 
Table 10. Hfsc's of the naphthalenide ion in 0rßted. 

















Table 11. Spindensities calculated for the naphthalenide 
ion. 
(fp=92$) containing 1.63 M Nl-he and 0.62 M Nl-d« are gathered 
in table 10. For an impression of the spectra measured on the 
mixed sample see figure 7. In table 11 the spindensities de­
rived from the proton hfsc's measured with NMR have been com­
pared with ESR results and with the spindensities calculated 
by the SCF-MO program. 
Pyrene 
A simple Hückel MO calculation predicts a zero spindensity at 
position 2. Therefore the sign and magnitude of the experi-
mental spindensity are a sensitive test for the various MO 
theories. Further it is interesting to investigate whether 
the hfsc's measured by NMR are in agreement with the ESR re-
sults in view of the large deviations between the ESR results 
and the UMR data obtained from NMR on solid potassium pyrenide 
[ 162]. NMR has been performed on a 1.35 M solution of sodium 
pyrenide in DME between 30°С and 70°С. The most accurate hfsc's 
were obtained at 60°С (see table 12). 
Na-Pyrene-DME 
в 'H-NMR -l*.66±0.O5 1.01 + 0.01 -2.1U±0.02 
Na-Pyrene-THF 
I ajjl ESR lt.85 1.01 2.11t 
Free anion 
1
 " H I ESR U . l t S 0.97 1.93 
Table 12. H f s c ' s ( i n 0 r s t e d ) of sodium pyrenide i n DME a t 60 0 C. 
The ESR d a t a a r e obta ined from L і б з . і с ч ] . 
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The temperature dependence of the hfsc's seems to he in agree­
ment with the ESR results [ ІбЗ] , but a definite conclusion is 
impossible due to the experimental accuracy. 
position

















- 0 . 0 3 5 
0.07k 





- 0 . 0 1 6 
0.011 
ТаЪІе 13· The spindensities of the pyrenide anion. The hfsc's of pyrene 
(Py) reduced electrolytically or with an alkali metal differ strongly, 
therefore the experimental ESR spindensities of the free anion and of 
the anion perturbed by the counter ion are presented. 
The spindensities obtained by the various techniques are 
compared in table 13. Application of the rules outlined in 
U.2.3 to estimate the spindensities on carbon atoms, not at­
tached to a hydrogen, give linearly dependent equations for 
Pi 1 and pu. The actual result for these two positions was 
very sensitive (see table 13) to the remaining part of the 
spindensity distribution. Because the spindensities pi 1 and 
Pi s , calculated by the SCF-M0 method are certainly the most 
reliable ones, they are used as input data for the calcula­
tion of the T-tensor instead of the spindensities estimated 
by NMR. The rule that the trace of the spindensity matrix 
should be equal to one has been violated in this case. 
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1,3,5-triphenylbenzene 
For a mixed sample of ТрЪ, reduced with sodium using DME as 
solvent, resonances of all four protons and deuterons could 
be resolved at room temperature (see figure 8). In the con­
centration range studied {O.k M - 1.2 M) the hfsc's are con-
no »m 
ty'yJM 
'O-NMI и ι H m 
Ή-NMR i t 60 0 MHz 
>»>.,.«> I» 
Figure 8. Ή and ' D NMR spectrum of normal and p e r d e u t e r o TpB ( i n equal 
c o n c e n t r a t i o n s ) i n DME completely reduced with Na. As i n t e r n a l deuterium 
r e f e r e n c e a small amount THF-d« was added, t h e p e c u l i a r shape of t h e THF-d« 






Ojj 'H-NMR - 3 . 5 T ± 0 . 0 3 -0.94+0.01 О.15б±0.007 -1.5h±0.02 
JD-NMR -З.бб±0.03 -O.95±0.O1 0. Il*lj±0.007 -1.55±0.02 
I Hjj I ESR 3.58±0.02 0.93±0.02 0.155±0.005 1.55±0.02 
Li-Triphenylbenzene-DME 
Од 'H-NMR O.U+O.OI 
Rb-TriphenyHjenzene-DI-ffi 
а^ 'H-NMR -0.98+0.03 0.1Ц8±0.003 
Li-Triphenylbenzene-MTHF 
а^ 'H-NMR 0.13±0.01 
Ha-Triphenylbenzene-MTHF 
a^ ' H-NMR O.I6+O.OI 
Table Il<. Hfsc's (in 0rsted) of the anions of 1,3,5-triphenylbenzene. The NMR 
experiments have been performed at ЗО'С. All solutions were 0.9 M, except 





























Table 15· A comparison of the spindensities derived for 
the anion of Tpb. The SCF spindensities were calculated, 
assuming an equal population of both degenerate orbitala. 
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centration independent. At the maximum reduction that could 
be reached the fraction of paramagnetic species was 9^% de­
termined by using equation 3-10. Taking this into account 
the hfsc's have been calculated and listed in table 1^, good 
agreement exists with ESR data [ 165] . The hfsc's for the H9 
proton have been measured for several systems (see table lO, 
they were calculated under the assumption that fp=1. In table 
15 the spindensities are gathered, the 'H NMR results (obtained 






The resonance ехрегітепгз have been performed at 30° С on a 
solution of Tp~ in THF, reduced with sodium. The triphenylene 
was randomly deuterated and contained k2% deuterium. After 
addition of an equimolar amount of TG to the completely reduced 
solution, NMR was carried out again. The concentration of Tp 
was kept constant by distilling away some solvent. 
The ESR spectrum of NaTp observed in THF contains 13 
almost equally spaced lines with a binominal intensity ratio 
[UU,l66]. A simulation of the spectrum slightly favours an 
interpretation of the spectrum with two sets of 6 equivalent 
protons with different hfsc's (see table l6) over an inter­
pretation with 12 equivalent protons. However, the difference 
Triphenylene 
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between the two hfsc's i s much smaller than the linewidth of 
the ESR resonances, which was extremely large (0.k6 0rsted) 
due to the orb i ta l degeneracy of the Tp~ anion [ l66] . The NMR 
spectrum (figure 9) proves the existence of two inequivalent 
sets of protons. The change in the hfsc 's upon addition of the 
strongly solvating ether TG [l|U,l66] i s demonstrated clearly 




























Table 16. Hfsc*3 (in 0rsted) of the triphenylide anion. 



































Table IT- Spindensities of the anion of Тр. The SCF apindensities are 
calculated, aosuming an equal population of both degenerate o r b i t a l s . 
9h -
D-NMfi at 914 MHz 
THF 
Ή-NMfi at SUO MHz 
ctmputer simulation 
25 ρρπι 
Figure 9· Ή and 'D NMR spectra of partly deuterated sodium triphenylide. 
The left hand spectra are measured on solutions in THF, the right hand 
spectra are ohtained on solutions in THF to which an equimolar quantity TG 
has been added. In the computer simulations of the Ή NMR spectra the 
resonances of the individual protons are presented as dashed lines. 
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served hfsc's are gathered in table 16. The spindensities 
calculated from the magnetic resonance spectra are compared 
with the SCF results in table 17. 
The extra lines in the NMR spectrum (figure 9) downfield 
from the THF signals originate from the glyme protons, they 
are shifted a few ppm downfield [ 13U] with respect to pure 
glyme resonances due to Fermi contact interaction with the 
impaired electron of the radical anions. 
h.3.2 Anisotropic magnetic dipolar electron-nuclear interaction. 
The components of the T-tensor will he given in the molecular 
coordinate system; the χ and y axis of this system have Ъееп 
shown in the structural diagrams of the molecules presented 
in the previous section and the ζ axis is perpendicular to the 
molecular plane of the aromatic hydrocarbon anions. The param­
eters (r·)1 and (τ-)2 necessary for the interpretation of the 
linewidth data will Ъе presented also. All calculations were 
performed with standard structures : i) all C-C bond lengths 
I.UO A, except the inter-ring C-C bonds of Bp and Tpb for which 
1.50 A has been used, ii) all C-Η bond lengths 1.08 A, iii) all 
bond angles 120°. 
The anisotropic magnetic dipolax interaction tensor was 
calculated in four levels of sophistication. First of all the 
T-tensor was calculated using for the carbon 2p -АО a single f 
function I 102] , neglecting all three center integrals. The cal­
culations were performed with the program DIPDIP (see section 
3.3.1.2) and are presented most extensively. Then the same cal­
culations were performed using for the carbon 2p -АО the 
Clementi-Hartree-Fock (CHF) function [ 103]. Finally the effect 
of the three center integrals (in the Mulliken approximation, 
see equation 2-70) was considered, using both the single f and 
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the СНГ function. All calculations have been performed using 
experimental spindensities determined Ъу NMR and presented in 
the preceding section. The off-diagonal elements of the spin-
density matrix were calculated from wave functions ohtained 
from the SCF program, which were improved by configuration 
interaction with all single excited states. 
For the discussion of our results it is useful to intro­
duce the following notation: 
Pj. : parameter Ρ calculated using the single f function 
for the carhon 2p -АО and neglecting all three center 
integrals. 
?„_, : same as Pj. but using the CHF function for the carbon 
2p -АО. 
P.. „„, : same as P.. but taking into account all three center f ,MU f 
integrals in the Mulliken approximation. All three 
center integrals for which the corresponding overlap 
integrals were smaller than 0.01 are neglected. 
Ρ,-,τνπ .ίττ^  same as P.. ._, but using the CHF function for the car-CHFjMU f,MU 
bon 2p -АО. 
The tensor components calculated with a single f 2p -
function [ 102] , neglecting the three center integrals, are 
presented in table 18. The tensor components Τ and Τ are e r
 xz yz 
always zero, due to the molecular symmetry. As can be seen 
from figures 10 and 11 every improvement of the T-tensor cal­
culation causes a decrease of both (r-)2 and ΙΤ I (the dashed 
η ' zz' 
line in the figures represents the line of no effect). It has 
been checked that the absolute values of the other principal 
T-tensor components also decrease by refining the calculations. 
The introduction of the CHF wave function decreases (r-)* by 
«lOÎ? and the diagonal elements of the T-tensor by «5$ on the 
average. Incorporation of the three center integrals in the 




























































































































































Table 1θ. The components of the T-tensor in MHz for the protone in A , Bp , N1 , 
Py , Tpb and Tp . The parameters (r·)1 and (τ-)1 are expressed in megaradians' / 
second' (Mrd/s)' . The tensors are calculated using a single t 2p -АО, neglecting 
all three center integrals. ' ) a D hfsc's of Li-A-THF, J ) the more accurate 'D 
hfsc has been used, ') sample Na-Tp-THF, 4 ) sample Na-Tp-THF/TG. 
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iB/M'.lMrd/s)2 
200 tOO 600 BOO 1000 1200 
|BA)2,(Mrd/s|2 
20 Í.0 60 ВО 100 120 
|8A)2,|Mrd/s12 
Figure 10. The effect of the introduction of the CHF 2p -function and of the 
three center integrals on the calculated value of ÍS2 for all protons listed 
in table 18. 
Φ CUF VerSUS Φ\' in ( M r d ' ' s > J · · 





 (Mrd/s', · 
The plots are presented in two separate graphs (a) and (h), because of the 
large range of numerical values governed by (r·)' . 
of the T-tensor Ъу !:г120%. Both effects are approximately addi­
tive. The quoted numbers represent only the average order of 
magnitude of the effects, because the detailed structure of 
the different anions may of course play an important role. 
The scattering of the points in figure 10 and 11 will be due 
to these structural effects. No attempt has been made to draw 
least squares (straight) lines, because there exists no a 
priori reason for a linear relationship between the parameters 
Ρ calculated by the different methods. 
Τ 
Both (r-)2 and (—ж-)2 play ал important role in the deter­
mination of the correlation times. For this reason (B/h)* 
CHF,MU 
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Table 19- (f)1 in (Mrd/s)a , and (-l^ in % of φ ' . ') sample Na-Tp-THF, 




Figure 11. The effect of the introduction of the CHF 2p -function and of the 
three center integrals on the calculated Τ /h values for all protons listed 
in table 18. All tensor components are given in MHz. 
Τ Τ 
ж I z z \ I ZZ\ 
•
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 hrV v e r s u s [—\· 
τ τ 
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— ' Ï . M U v e r s u s '-¡Г^· 
in (Mrd/s)2 and (T
z z
/2h)'C H F j M U in percentage of ^Μ^,ΜΙ 
are listed in table 19, and for comparison (В/Ь)£ and 
(Τ /2h)î (already shown in table 18) are presented in the 
same· way. As can be seen from table 19, the modifications of 
Τ 
the T-tensor calculation hardly affect the ratio of (—Ir·)2 and 
V · 
U.3.3 Linewidths and correlation times. 
In this section the linewidth data will be presented for the 
same samples for which the hfsc's have been reported in sec-
- 101 -
tion U.3.1. For every anion the 1H linewidth and/or the 2D 
linewidth will Ъе given. The quadrupolar contrihution to the 
2D linewidth will be presented if both 'H and 2D resonances 
have been obtained from the same sample. 
All linewidths have been corrected for intermolecular 
relaxation as outlined in section 3.3.3. The magnitude of the 
intermolecular relaxation of the protons will be given explic­
itly, the intermolecular relaxation of the deuterons can then 
be calculated using 3-13. 
The ratio of the experimental linewidths of two inequiva-
lent protons or deuterons will be compared with the predicted 
ratios for pure Fermi contact relaxation (τ ^ τ,) and for the 
e d 
case that the relative contribution of the anisotropic magnetic 
dipolar relaxation is at its maximum (τ =Тд). The linewidths 
will be proportional to the squares of the hfsc's, when the 
Fermi contact relaxation is the dominating relaxation mechanism. 
In all linewidth ratio tables the linewidth of the proton 
(deuteron) with a proton hfsc nearest to 1.5 Φ will be normal­
ized to one. Because uncertainty exists about the error in 
(B/h)2, no error range will be quoted for the theoretical limit 
e d 
Throughout this section the linewidths will be analyzed 
using (B/h)2 as the parameter for the anisotropic magnetic 
dipolar interaction. If a complete linewidth analysis was per­
formed (see section U.3.2), τ and τ will be presented. 
Anthracene. 
The linewidths measured on a mixed sample reduced with Li are 
shown in table 20. The contribution of the intermolecular re­
laxation to the linewidth is 120±20 rd/s for Ή and 3±1 rd/s 
for 2D resonances. 
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Table 20. Ή and 'D linewidths (in rd/s) for a 1.2 M 
Li-Anthracene-THF/THF-d* mixed sample (f Ξϊ100!ί) at 
300C. ') beyond limit of detection, 2 ) result omitted: 
uncertainty range larger than the quantity measured. 














п . ±3 
11.7±0.5 
10.1 
Table 21. The measured linewidth ratios for Li-A-THF with their 























Table 22. Ή linewidths (in rd/s) and their ratios together with 
the theoretical linewidth ratios for the sample Na-A-THF. 
1
 ) Signal beyond limit of detection. 
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Table 23. Electronic and dipolar correlation times in picoseconds. 
) The probability of measuring т. within this range is 99%, also in 
the forthcoming sections this notation vili indicate a 99% confidence 
interval, ) only one resolved resonance, a complete linewidth analysis 
is impossible, J) two or more resolved resonances but within the ex­
perimental accuracy all dipolar correlation times between zero and τ 
are allowed. 
In order to demonstrate the relative importance of the 
different relaxation mechanisms, the ratios of the experimen­
tal linewidths of the different protons and deuterone (see 
table 21) have Ъееп compared with the theoretical limits, 
calculated from equation k-2 using the hfsc's and the param­
eters for the anisotropic magnetic dipolar interaction presented 
in the preceding sections. 
The Na-A-THF {fz*92%) has been studied at various temper­
atures (30° С - 60° С) and concentrations (1.0 M - 2.1+ M). The 
most reliable data (obtained at 2.2 M and 50°С, Τ"' . (inter) = 
2,Dip 
1бО±30 rd/s) are presented in table 22. 
The correlation times calculated from the linewidths of 




The linewidths measured on a 1.5 M Na-Bp-DME mixed sample at 
30°С are shown in аЪІе 2ht the correction for intermolecular 
magnetic dipolar relaxation to the 'H linewidth was T0±20 rd/s. 
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Table 2h. Ή and J D linewidths (in rd/s) of the bi-
phenylide anion in the mixed sample Na-Bp-DME. 
) Result omitted: uncertainty range larger than the 
quantity measured. 
From a complete linewidth analysis using the linewidths of Hj 
and Нз , one obtains т
е
 = (18.3±1 .гЭХіО"11 s and T d = (5±
1
+)X10-12 
s. This dipolar correlation time calculated from the proton 
spectrum is extremely small, and a possible explanation will 
be presented in the discussion. In order to obtain an impres­
sion of the relative importance of the different relaxation 
mechanisms the experimental and theoretical linewidth ratios 
are presented in table 25. 
linewidth ratio Hj ,Dj Нз ,0э H» ,D4 
Ή (experimental) 1 0.03б±0.00б lt.5 ±0.3 
2 D (experimental) 1 0.15 ±0.02 lt.1 ±0.5 
ι 1 
Fe, τ • τ . 1 0.021+0.002 І*.01±0.0б 
' e d 
ι \ 
Fc+Dip, τ =T d 1 O.OSU U.05 
Table 25. Experimental and theoretical linewidth ratios for 
Na-Bp-DME. ' ) The more accurate deuterium hfsc has been used. 
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Naphthalene. 
The linewidth data of the mixed sample measured at 30° С are 
presented in table 26, followed by a survey of the linewidth 
ratios in table 27. For protons the correction for intermolec­
ular broadening was 120±20 rd/s. 












ТаЪІе 26. Ή and 2 D linewidths (in rd/s) for the 
Na-Nl-DME/THF-d» mixed sample at 2.25 M. ') result 
omitted: uncertainty range larger than the quantity 
measured. 
linewidth ratio Hi ,Di Hj ,Di 
Ή (exper imenta l ) 















Table 27. Experimental and theoretical linewidth ratios 
of the Ή and 'D resonances of the Na-Nl-DME/THF-d» mixed 
sample. 
From a complete linewidth analysis one calculates for the mixed 
sample the following correlation times: τ = (17±2)Х1СГ12 s and 
τ^ < UXlcr1* s. 
d 
The linewidths of the ' H and î D resonances of a normal 
Na-Nl-DME sample and of a Na-Nl-da-DME/THF-d« sample, respec-


















• : : : — - « - — 
05 15 ?0 25 30 35 
I/CM"1 
Figure 12. Linewidths of the Hi and Hi proton resonances of normal naphthalenide 
and of the Di and Di deuteron resonances of perdeutero-naphthalenide versus the 
reciprocal of the concentration of NaNl in DME at 30°C. 
tration and are presented in figure 12 as a function of the re­
ciprocal of the radical concentration. From the linewidths τ 
has Ъееп calculated assuming that the Fermi contact relaxation 
is the dominating relaxation mechanism for both isotopes. For 
the proton sample the Hj linewidth has been used, because the Hi 
linewidth may be affected by the overlap with the Hj signal 
(see figure 7)· For the deuterium sample the electron cor-
- 107 -
Figure 13. The electron correlation times measured at 30°С in solutions of 
NaNl-h« (o) and of NaNl-d» (·) in DME versus the reciprocal of the radical 
concentration. 











\ 1MM 44 
^ 
1 _ L 
im 
- ι Ì 
ι ι J 
4 η/с.ср/м 
Figure lU. The electron correlation times measured at 30°С in solutions of 
HaNl-h« (o) and of NaNl-d» (·) in DME ver 
mixed sample (D) has been presented also. 
sus η/C, τ obtained for the 2.25 M 
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relation time (calculated from the Di linewidth) may Ъе too 
large Ъу at most 1.X10"12 s due to the neglected quadrupolar 
relaxation. From figure 13 it appears that for both solutions 
τ is proportional to C"1 and that the relaxation is more ef­
ficient in the proton sample. According to Pake and Tuttle [1*3] 
τ should Ъе proportional to η/C. In figure lU τ has been e
 e 
plotted versus η/C, using the viscosity data of 3.h.2. It is 
evident that no linear relationship exists. 
Pyrene. 
The results on normal pyrene are gathered in table 28. No per-
deuterated compound has been studied in this case. The inter-
molecular relaxation was 80±10 rd/s. 
Η, Η, a, 
TT' 5l*700±2100 2500±200 9300+200 
2H 
experimental ratio 21.9±1.3 1 3.7±0.2 
Fc, τ >>τ. 21.3±0.T 1 1*.5±0.2 
* e d 
Fc+Dip, τ =Td 20.6 1 Ц.З 
Table 28. 'Η linewidths (in rd/s) of the pyrenide anion in Na-Py-DME 
(1.35 M, at 60°С) their ratios and the theoretical linewidth ratios. 
• The linewidth of proton k is much smaller than expected. 
An experimental reason for this deviation may be the overlap 
of that signal with the solvent resonances and the Hi signal 
(see figure 15)· The parameters for the partly resolved Hi 
signal have been obtained from an iterative spectrum simula­
tion. 
- 109 -
Figure 15· The Ή NMR spectrum of sodium pyrenide in a 1.35 M solution in DME 
at 60°C. The variation of the noise and the singularities in the spectrum are 
due to changes in the spectrometer settings. 
1,3,5-triphenyrbenzene. 
The mixed sample Na-Tpb-DME/THF-de has heen studied at several 
concentrations at 30° C. In a 1.21 M solution TT.1-, (inter) for 
2,Dip 
proton resonances was 70±20 rd/s. The intermolecular relaxation 
for the other concentrations can he calculated, using the pro­
portionality of TT1 . (inter) with the radical concentration. 
The linewidths measured at the different concentrations are 
presented in table 29. From this table it is obvious that the 
quadrupolar contribution to the deuterium linewidth is very 
large especially for the Dg and D9 deuterons. 
In order to get an idea of the relative magnitude of the 
contributions of the different relaxation mechanisms to the 
'H linewidths, the experimental linewidth ratios have been 
compared (table 30) with the theoretically predicted ones. 
All experimental linewidth ratios fall within the theoretical 
limits. The 2D linewidth ratios indicate once more the impor­










































































































Table 29. The linewidths (in та/s) of the Ή and 'υ resonances of ТрЪ in the 
Na-Tpb-DME/THF-d» mixed sample as a function of the concentration (in M) at 
30 0C. ') Signal not detectionable, ') result omitted: the measured quantity is 
smaller than its own error range. 
that Tli. /TIL. varies from 0.1 to 0.7 and that ТЛ. /ТЛ. varies 
¿Ui ¿Ut ¿Uì ¿Ut 
from 10 to 5 on increasing the radical concentration. Table 30 
shows that these ratios would be quite different, when magnetic 
interactions would determine the deuterium relaxation. 
- I l l -
linewidth ratio H, H, H,, 


























Table 30. Ή linewidth ratios of the Na-Tpb-DME mixed sample 
different concentrations. 
at 
From the H« and H9 linewidths the correlation times τ and 
e 
τ, have been calculated (see table 31) using the parameters of 
table 18. Within the experimental accuracy the correlation times 
calculated from the linewidths of H» and Ню or Hj and H9 agree 
with the results obtained from He and H». Calculation from any-
other pair of resonances gives unreliable results due to depen­
dence of the equations (see section 1+.2.3). 
A full linewidth analysis was successful only for concentra­
tions between 0.8 M and 1..1 M. Below 0.8 M the contribution of the 





















Table 31. Correlation times of Tpb (in pico­
seconds) as a function of the concentration at 
30° С 
- 1 1 2 -








о 0.5 u 15 га гь 
і/с.м-' 
Figure 16. The electron correlation time versus the reciprocal of the 
radical concentration at 30°С for the mixed sample Na-Tpb-DME/THF-d«. 
too small (10? or less) to give reliable results for τ , and 
above 1.1 M the intermolecular relaxation contributes for more 
than 50? to the H9 linewidth and the inaccuracy of T^'p- (inter) 
makes τ, unreliable. The electron correlation times are accurate 
α 
over the whole concentration range. The electron correlation 
time has been plotted versus C"1 to test the Pake-Tuttle rela­
tion. The data obtained on the samples discussed and on two 
other Na-Tpb-DME mixed samples of concentration 0.97 M and 1.1+6 M 
are presented in figure l6. The 1.U6 M solution was supersatu­
rated and extremely viscous. 
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The results obtained on a 0.7 M mixed sample reduced with 
Rb in DME were essentially in agreement with the results for 
the Na-Tpb-DME/THF-d« miy^d sample. Because more than 10$ 
dianions and/or decomposition products were formed during the 
reduction, the data will not be discussed in any detail. 
Triphenylene. 
The measurements have been performed on two samples containing 
1.2 M randomly deuterated triphenylene (k2% 2 D ) , reduced with 
Na: Na-Tp-THF and Na-Tp-THF/TG. The linewidth data are shown 
in table 32. In both samples the intermolecular broadening of 
the proton resonances was 90±10 rd/s. 




m - l 
2D,Q 
Na-Tp-THF/TG 
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12H 
T 1 i2D 














T a b l e 3 2 . Ή and ' D l i n e w i d t h s ( i n r d / s ) f o r 
Ha-Tp-THF and Na-Tp-THF/TG a t 30°С. 
The linewidth of proton 2 in the sample containing TG is smaller 
than in the pure THF sample whereas the hfse's are almost equal, 
indicating a more effective electron spin relaxation in the 
Na-Tp-THF/TG sample. The electron correlation times calculated 
from the HÎ linewidths are (1і ±3)Х10",і and (1*2±2)Х10"1 * s for 
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the Na-Tp-THF and the Na-Tp-TKF/TG sample, respectively. The 
contrihution of the anisotropic magnetic dipolar relaxation 
can not be estimated due to the fact that the experimental 
linewidth ratio does not lie between the theoretical limits 
(see table 33), therefore both calculated τ 's may be affected 
by a systematic error of ±12$. 




'H (exper imenta l) 
2 D (exper imenta l) 
F e , T
e
> T d 
F c + D i p , T
e
= T d 
'H (exper imenta l) 
2 D (experimented.) 
F c
. % > T d 
F c + D i p , T
e









Table 33. Experimental 'H and J D linewidth ratios of tne tri-
phenylenide anion in Na-Tp-THF and Na-Tp-THF/TG at 30°С together 
with the theoretical limits for magnetic relaxation. 
The erroneous linewidth ratios may be caused by overlap 
of the Hj resonance with the solvent signal (see figure 9)· 
The ^ relatively small overlap shown in figure 9 may be an 
artefact: the apparent overlap is very sensitive to the phase 
of the NMR signal. Because all Tp resonances overlapped, the 
sample did not provide a well resolved signal on which the 
phase could be adjusted. Therefore the phase was adjusted to 
minimize the overlap between the solvent and Hi resonances. 
The effect of this procedure on the linewidth of Hi is not 
predictable. Thus the iterative computer simulation of the 
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experimental spectrum using derivative lorentzian line shape 
functions will give reliable results for the HÏ linewidths, 
but perhaps not for the Hi linewidths. 
k.h Discussion. 
The results will be discussed in the same order as they were 
presented in section 1+.3. After the discussion of the hfsc's, 
the anisotropic magnetic dipolar interaction tensors and the 
linewidth data a final section will be devoted to some miscel-
laneous topics not dealt with in the preceding sections, among 
others resolution enhancement and signal to noise ratio. In 
conclusion the limitations of the applied methods will be 
summarized together with proposals for further NMR research 
on the alkali metal aromatic hydrocarbon radical ion pairs. 
U.U.I Hyperfine splitting constants and spindensities. 
In general the spindensity distribution in the aromatic hydro-
carbon radical anions is relatively insensitive to environ-
mental effects, as was already known from ESR studies [35»1бЗ, 
167]. The overall good agreement between the NMR and ESR hfsc's 
in spite of the extremely different conditions (10"5-10"э M 
solutions in the ESR experiment, concentrations frequently 
above 1. M in the NMR experiment), again demonstrates that 
the spindensity distribution is mainly determined by the nu­
clear frame of the radical anion. 
In all cases the sign of the hfsc measured by NMR and 
predicted by MO calculations [28-30] is in perfect agreement. 
A few ESR studies concerning the effect of isotopie substitu­
tion on the spindensity distribution have been performed 
[ 156,157,163]. Only for the anion of benzene has a large effect 
been observed [ I56]. In all other cases the changes in the 
- 116 -
spindensity distribution are only a few per cent, consequently 
the isotope effect is usually too small to be observable by 
our NMR technique. Now we will proceed with a short discussion 
of the individual radicals. 
Anthracene. 
The hfsc's of both systems investigated differ from the hfsc's 
observed for the free anion due to the perturbing influence of 
the counter ion. At room temperature the Li A - ion pair is 
essentially solvent separated, the Na A ion pair is at least 
partly a contact ion pair [ 36]. Because of the smaller distance 
the perturbation will be larger for the Na A~ ion pair than 
for the Li A ion pair, in spite of the stronger polarizing 
power of the smaller Li ion. The changes in the NMR hfsc's 
agree qualitatively with the results obtained by Takeshita and 
Hirota [ 167] , who investigated by ESR the influence of the 
cation on the anthracenide anion. 
Biphenyl. 
The NMR proton hfsc's presented in this thesis are systemati­
cally smaller than the ESR and NMR data from other experiments 
[20,118]. This suggests that the reduction was not completed. 
However, application of relation 3-10 gives no unique result 
for fp. Furthermore for the
 2D hfsc the disagreement between 
our results and the data of reference [ Tjk] is much smal 1er 
than the above mentioned disagreement between the Ή hfsc's. The 
differences between the various studies may be caused by small 
differences in the sample composition: in reference [ 20] a pure 
proton sample has been studied, in reference [118] a mixed sample 
(Uo% 2D) to which THF-da was added, whereas in our study a mixed 
sample (50% 2D) without an internal reference was investigated. 
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Naphthalene. 
The proton hfsc's measured Ъу NMR and ESR agree vithin the 
experimental error. The hfsc of Di measured Ъу ESR and by NMR 
differs significantly, for which we do not have an explanation. 
The ratio of the hfsc's is proportional to the ratio of 
the slopes of the plots of 6 versus f- (see figure 5 and 6) 
as can he judged from equation 2-1k and 3-^. This ratio is 
independent of the degree of reduction. Hence it can Ъе es­
tablished more accurately than the hfsc's themselves, because 
in the calculation of the hfsc's one always makes an assump­
tion about the degree of reduction. Due to the number of ob­
servations only for the deuterium hfsc's could an accurate 
ratio be established: a- /8^=2.5010.05 as compared to 2.66+0.01 
measured by ESR [ I56] . 
Pyrene. 
The agreement between the NMR and ESR results is good. The 
perturbing effect of the cations is rather large as can be 
seen from a comparison of the hfsc's (see table 12) obtained 
on the free anion generated electrolytically [ I6I+] and on the 
ion pair. Because different ion pairs have been studied by ESR 
and NMR, the differences in a may be not significant. 
•Hi 
The NMR data on concentrated solutions of Py" do not agree 
with the results of NMR measurements on solid potassium pyrenide 
at U0K [ 162]. This is rather surprising, because the cations in 
the salts of alkali metals and aromatic hydrocarbon anions are 
usually strongly solvated, so that the structure of the ion 
pairs in the concentrated solution and in the crystal will be 
very similar [ 168,169]. The disagreement probably is due to 
the anisotropic hyperfine interaction as will be indicated in 
the following discussion. 
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The ' H NMR powder spectrum of potassium pyrenide can Ъе 
reproduced rather well with the experimental isotropic hfsc's 
of table 12 and the calculated anisotropic hfsc's (see section 
^.3.2). For the three groups of equivalent protons one expects 
to observe nine signals in the derivative powder spectrum. 
Taking into account the serious overlap between the different 
signals and the overlap of some of the pyrenide signals with 
the solvent (deuterated THF) resonances, one should observe 
four resolved signals corresponding to hfsc's of 1.35±0.06 0, 
-2.T8±0.15 0, -5.09±0.10 0 and -6.9±0.5 0· Only three signals 
were observed [ 162] corresponding to hfsc's of 1.2h 0, -2.81 0 
and -U.98 0. Except for the missing signal the agreement between 
the predicted and observed powder spectrum is satisfactory. 
Possibly the missing signal could not be observed due to the 
large linewidth associated with its large hfsc. 
1,3,5-triphenylbenzene. 
The agreement between the NMR and ESR hfsc's is good. For the 
nuclei at position 2 isotopie substitution may influence the 
spindensity by 3$. For all other positions the isotope effects 
are completely within the experimental error. 
For both Tpb" and Tp~ MO calculations predict an orbitally 
degenerate ground state. The spindensity distribution will 
therefore be rather sensitive to small perturbations. Contrary 
to Tp~ the spindensity distribution of Tpb" proved to be rather 
insensitive to variation of the counter ion and solvent. This 
gives additional evidence for the suggestion that Tpb has a 
non-degenerate ground state [ I65]. 
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Triphenylene. 
The sensitivity of the spindensity distrihution for small 
changes in the ion pair structure [1Й,і66] has heen estahlished 
Ъу NMR too. The hfsc's corresponding to the 13 line ESR spectrum 
could he measured very accurately hy NMR. The agreement with 
the ESR results proves that the ESR curve fitting technique 
gives reliable results. The changes in the hfsc's upon addi­
tion of TG are less pronounced than the changes measured by 
ESR upon addition of TTG to a solution of NaTp in MTHF. 
h.k.2 Anisotropic magnetic dipolar electron-nuclear interaction. 
The data presented in section U.3.2 have been used extensively 
in the analysis of the linewidth data. Their effect on the 
analysis will be discussed in the next section. Only some gen­
eral remarks will be made here, mainly concerning the reliabil­
ity of the calculations. 
The calculation procedure has been outlined and justified 
in the sections 2.U.2.1 and 3.3.1.2. Using a single f function 
and neglecting all three center integrals, the results obtained 
for A - and Nl - are comparable with the data of A and N1 pub­
lished by Owen and Vincow [ 112]. More than a rough comparison 
is not possible because the spindensity distribution of the 
hydrocarbon cations is not exactly equal to the spindensity 
distribution of the anions. Furthermore these authors based 
the contribution of the spindensity at the adjacent carbon 
atom (C ,.) to the totale T-tensor on the experimental T-tensor 
measured for the malonic acid radical, mainly because the 
theoretical value for Τ differs in sign and magnitude from 
zz 
the experimental value. In section 3.3.1.2 we have argued this 
and summed up the reasons why we prefer for our calculations 
the theoretically calculated tensor for С .. 
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Owen and Vincow pointed out that the contribution of the 
three center integrals could be neglected. Our calculations 
on the cation of anthracene essentially agree with their re­
sults. However for the anions the contribution of the three 
center integrals is certainly not negligible. This difference 
is caused by the fact that for the cation the contributions 
from the various off-diagonal elements of the spindensity 
matrix cancel each other almost completely, whereas for the 
anion the majority of the off-diagonal elements of the p-matrix 
is negative. Furthermore it should be pointed out that Owen 
and Vincow did not use the full expression 2-71 to calculate 
the three center contribution. In the expression Σ Σ,, ρ, (T..) , 
^ a b^a ba ij ab 
for proton k, they have taken into account only those terms 
where a stands for the carbon atom adjacent to proton k. The 
terms where b stands for С ., they seem to neglect, although 
adj 
these terms give the same contribution as the ones for which 
a corresponds to С ^.. All terms for which neither a nor b 
adj 
corresponds to С . they have neglected also. For the anion 
adj 
the last approximation is allowed, but for the cation, where 
the major contributions almost cancel, the effect of the 
neglected terms is of the same order of magnitude as the con­
tribution of the terms which were taken into account. Conclu­
sion: the three center integrals can contribute considerably 
to the T-tensor (see table 19). However the calculation is 
very sensitive to the actual p-matrix due to the opposite 
effects of the different p-matrix elements. The three center 
calculation must be seen as an order of magnitude calculation 
to indicate the possible effect of neglecting these integrals. 
Moreover the Mulliken approximation is rather crude, as even 
the overlap integrals depend strongly on the 2p -function 
used to calculate them [ TO] · 
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U.l+.З Linewidth and correlation times. 
The results for the different anions will he analyzed in al-
phahetic order, followed hy a discussion of the topics common 
to all samples. 
From the ' H linewidth data the rotational correlation 
time has heen calculated using 2-38. From the quadrupolar re­
laxation of the deuterons τ has also been calculated with 
r 
the aid of equation 2-52. The qcc of the deuterons in the 
anions was taken equal to 0.19 MHz and η equaJ. to zero. These 
values are based on the electric field gradients measured for 
several neutral aromatic hydrocarbons [ 170-172]. A justifica­
tion of this assumption will be given in the next section. 
Anthracene. 
The effect of the anisotropic magnetic dipolar relaxation on 
the linewidth is rather small, at most «10$ (see table 18). 
So in view of the experimental accuracy of the linewidth de­
termination (5-15$) it is hardly surprising that for the mixed 
sample reduced with Li only an upper limit for τ, could be 
obtained and that for the sodium sample all values for t, 
between the physical limits, zero and τ , are in agreement 
with the measured linewidths. From the correlation times τ 
e 
and τ of the mixed sample an upper limit of 22X1O-'2 s for 
τ can be calculated, a rather low value as compared to the ro­
tational correlation time calculated from T~' : (60±Uo)X10"1 г 
2D2 ,4 
The concentration and temperature dependence of τ of the 
Na-A-THF sample can be described well by the Pake-Tuttle rela­
tion. Using the value ^бівЭХЮ"12 s for τ at 30°С in a one 
molar solution, one predicts from the proportionality of τ 
with — η (Τ)/Τ the measured electron correlation times at other 
temperatures and concentrations within one picosecond. For a 
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1.2 M solution of Na-A-THF at 30° С one predicts τ =(1*7±7)Χ10"12 s. 
A comparison with the Li-A-THF/THF-de mixed sample indicates 
that the electron spin relaxation is more effective in the 
sodium sample (see table 23). 
Biphenyl. 
Because NMR on a similar sample has been reported [ 118] a de­
tailed comparison of the experimental data will be made. Both 
samples are approximately 1.5 M in NaBp and contain DME as 
solvent. The data reported by Canters et al. [ 11 θ] were ob­
tained on a mixed sample containing 60% Bp" and k0% Bp-di о 
(sample A) while in this study both isotopie compounds were 
equal in concentration (sample B). Furthermore in the present 
study no THF-de has been added as internal reference. Partic­
ularly the difference in solvent composition may explain the 
different results, additional justification for this statement 
will be given in the forthcoming sections. 
The H2 and Ha linewidths of sample A are larger than for 
sample В indicating a more efficient electron spin relaxation 
and thus a smaller τ in sample B. However, the reported τ 
values are equal for both systems due to the use of different 
values for (r-)1 . Canters et al. used the ESR hfsc's to calcu­
late (Τ-)2 , but it is more reasonable to use the NMR hfsc's so 
as to include in this way any possible concentration effect 
on the hfsc. One reason for using the ESR hfsc's may be the 
inaccuracy of the NMR hfsc's due to the uncertainty in fp. 
However, the difference between the electron correlation times 
of the two samples can not be explained by a lower degree of 
reduction in sample B. In that case one should expect larger 
linewidths and a larger τ for sample В with respect to sample 
A (see section k.2.k). The remaining linewidth data of the two 
samples agree within the experimental accuracy, except for the 
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Ds linewidths. The larger value measured for sample В may Ъе 
caused Ъу the fact that the linewidths of sample A are cor­
rected for inhomogeneity broadening. From the linewidth of 
the external reference, D O , the inhomogeneity broadening of 
the deuterium linewidths of sample В has been estimated to be 
6-10 rd/s. 
The large contribution of the quadrupolar relaxation to 
the Ds linewidth causes a D3/Dj linewidth ratio far outside the 
limits calculated for purely magnetic relaxation. From TT1 of 
2 »4 
Dj and D3 one calculates that τ is equal to (.70±h0)X'\0~11 s 
and (62±9)X10"11 s, respectively. From the proton linewidths 
one calculates τ "СІЗХІО"12 s. The values obtained by the two 
г 
methods do not agree. However, the result from the proton line-
widths is too small to be reliable. Because this disagreement 
has been observed for all investigated ion pair solutions, the 
discussion of this topic will be delayed until the results of 
all individual ion pair systems have been discussed. 
Naphthalene. 
The rotational correlation time of the mixed sample calculated 
from the quadrupolar relaxation of Dj is (90±30)X10"11 s. From 
the proton linewidths an upper limit for τ of 6X10"i7 s has 
been calculated, again a striking disagreement. 
The proportionality of the linewidths and electron corre­
lation times of the sample Na-Nl-DME and Na-Nl-de-DME/THF-de 
with the reciprocal of the concentration (see figure 12 and 13) 
seems to agree with the Pake-Tuttle model for spin exchange ani 
proves that the Fermi contact relaxation is the dominating re­
laxation mechanism for both protons and deuterone. To test the 
Pake-Tuttle relation the strong increase of the solution vis­
cosity with the concentration should be taken into account. 
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However a plot of τ versus η/C (figure il») does not yield a 
linear relationship at all. The breakdown of the Pake-Tuttle 
relation could be expected, because in their simple model 
only bimolecular collision processes have been considered. 
Furthermore they [ 1+3] assumed a constant concentration of 
solvent molecules. At high concentrations τ is much smaller 
e 
than expected. This can be explained by polymolecular colli­
sions which shortens τ much faster than C"1 and even domi-
e 
nates the exponential increase of the viscosity with in­
creasing radical concentration. Fortuitously the overall 
effect is an almost linear relationship between τ and the 
reciprocal of the radical concentration. In view of this dis­
cussion it is not surprising that plots of τ or the linewidth 
versus C"1 do not go through the origin. 
At low concentrations the viscosity is almost constant 
and the effect of polymolecular collisions negligible. If the 
Pake-Tuttle model applies for these diluted solutions (concen­
tration smaller than 0.5 Μ), we calculate for the rate constant 
к for the spin exchange process in the Na-Nl-cU -DME/THF-d« 
sample at 30°С a value of 13X109 mol/l.s. The rate constant 
has been calculated from: 
τ
- 1
 = к [NI-] (lt-17) 
e e 
which is a special case of equation 2-86. к has been taken 
equal to the reciprocal of the slope of the line connecting 
the points at low radical concentration (in figure 13) with 
the origin. The obtained value is in good agreement with the 
ESR results of Danner [ 173] . He measured к =1І4Х10' mol/l.s 
e 
for K-N1-DME and for Na-Nl-DME (less accurately) к =(1U-28)X109 
mol/l.s. 
The difference between the electron correlation times of 
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Na-Nl-DME and Na-Nl-d«-DME/THF-d* indicates a more efficient 
electron spin relaxation in the first sample (see figure 13 
and 11*). This difference may Ъе due to the presence of THF-cU 
in the last sample. An ESR study of K-N1-DME and K-N1-THF [ 173] 
showed that the spin exchange process is more rapid in the DME 
solution: for the system K-N1-DME к =ll+X10' mol/l.s whereas for 
e 
K-N1-THF к =8X109 mol/l.s. At high concentration τ of 
e e 
Na-Nl-de-DME/THF-dg approaches the value of τ measured for 
Na-Nl-DME (see figure Ik). This may be caused by the fact that 
the concentrated solutions have been prepared from diluted ones 
by distilling away the solvent, and since the boiling point 
(b.p.) of THF is lower than the b.p. of DME the concentration of 
THF will decrease with increasing concentration of radicals. For 
the mixed sample which contained a smaller amount THF-da than the · 
perdeutero-naphthalene sample τ lies between the results ob­
tained for the Na-Nl-DME and Na-Nl-d«-DME/THF-d« samples at 
equal concentrations of radicals (see figure lU). 
Pyrene. 
For the low value of T"' an explanation other than overlap ef-
¿tu 
fects is missing. The electron correlation time based on the 
linewidths of H, and Ъ is {ЗІ+^ХІСГ11 s. The effect of the 
anisotropic magnetic dipolar relaxation on the linewidth ratios 
is small due to the fact that the relative contribution of the 
dipolar relaxation to the linewidth is almost equal for all 
three lines as can be judged from the almost constant ratios 
of φ * and φ 2 (see table 18). 
1,3,5-triphenylbenzene. 
The linear relationship of τ and C"1 may be accidental as has 
been pointed out before. Following the same procedure as out-
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lined for the naphthalenide sample we estimate for the ТрЪ~ 
anion dissolved in DME к =(lO-llOXlo' mol/l.s at 30°С. 
The rotational correlation times calculated from the 
proton linewidths have been compared with the rotational cor­
relation time obtained from the quadrupolar relaxation of the 
deuterone. The results are summarized in table 3k. Again the 
rotational correlation time calculated from the proton line-
widths is almost an order of magnitude smaller than the cor­
relation time calculated from the quadrupolar relaxation of 
the deuterons. For the I.OU M and 1.21 M solutions T^1 of 
several deuterons could be measured. Some τ 's calculated 
r 
from the relaxation data of the individual deuterons do not 
agree among each other. Two possible explanations are: 
i) the assumption that the ion pair undergoes isotropic ro­
tational diffusion is questionable 
ii) the assumption that all deuterons in an aromatic hydro­
carbon anion possess the same qcc is not correct. 
Only when the molecular symmetry of a planar molecule is lower 
than D. , can anisotropic rotational diffusion cause different 
quadrupolar relaxation times for inequivalent deuterons. Hence 






























Table 31*. Rotational correlation times of the anion of 1,3,5-triphenylbenzene 
in picoseconds. Α: τ from the proton linewidth analysis. B,C,D and E are the 
r 
rotational correlation times from T^L , Tl' -, VJL . and T1 respec-
tìvely. 
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anisotropic rotational diffusion can not explain the different 
rotational correlation times calculated for ТрЪ~, The second 
assumption holds within a few per cent for the parent neutral 
hydrocarbons, so the differences should be caused by the change 
of the electric field gradient by the extra electron or by the 
ion pair formation. However in section U.U.3.2 it will be shown 
that both effects hardly influence the electric field gradient 
at the 2D nuclei. Furthermore one should keep in mind that the 
results obtained from the quadrupolar relaxation of Di and Dio 




Since the electronic structure of Tp~ in THF and in THF/TG is 
very similar the qcc of the deuterons in both samples will be 
identical. Hence the difference in quadrupolar relaxation (see 
table 32) should be caused by the difference in solution vis­
cosity. According to the change in the quadrupolar linewidth, 
the viscosity of a 1.2 M Na-Tp-THF/TG solution will be a fac­
tor 1.310.3 or 1.2+0.3 larger than the viscosity of 1.2 M 
Na-Tp-THF solution as has been calculated from the linewidth 
data of Di and Dj, respectively. 
We will proceed now with the discussion of some general 
phenomena. 
^.и.З.І Fermi contact relaxation. 
The Fermi contact interaction is the major relaxation mechanism 
for protons and deuterons possessing a large hfsc as can be 
judged from the linewidth ratio tables. Hence for these protons 
the linewidths should be proportional to A*. Because the elec­
tron correlation times differ for the various radical solutions, 







5 10 15 20 25 R4 
Figure 17. Ratio of the linewidths (lO of two protons in one molecule versus 
the ratio of the squares of their hfsc's (R.) for all proton resonances observed 
in this thesis. 
one can not plot TT' versus A^. First the effect of τ has to 
be eliminated. Therefore the linewidth ratio (R-) of two pro­
tons in the same sampxe nas been plotted versus the square of 
the ratio of their hfsc's (R.)· The results gathered from all 
samples are plotted in figure 17· The points corresponding 
with protons having small hfsc's will be found near the origin 
of the graph (R.< 0.2) and have not been plotted. For protons 
with a large hfsc the linearity between R_ and R. proved to be 
satisfactory. 
In order to compare the effectiveness of the spin exchange 
process in the various solutions, the rate constant for this 
process has been calculated for various systems applying rela­
tion U-17· As has been pointed out already, this relation will 







sured the value for τ on only one rather concentrated solu­
tion. Because τ may decrease more rapidly than predicted Ъу 
equation U-I7, the calculated rate constant may be too large. 
This can be seen for example in plots of τ versus the recip­
rocal of the concentration which cross the positive C"1 axis 
(see figures 13 and 16). The exponential increase of the vis­
cosity with the concentration of the radicals lengthens τ , 
and this will counterbalance somewhat the shortening of τ 
by the polymolecular collisions. Therefore we expect that the 
к values will be comparable to the values determined by ESR 
in diluted solutions. In table 35 the results axe gathered; 
the data published in reference [ IIS] have also been included. 
For solutions studied at several concentrations к has been 
e 
calculated from the data of the most dilute solutions. 
The exchange process is a diffusion controlled process, 
so к will be proportional to Τ/η. Furthermore к is determined 
by the exchange integral (J) of the collision complex, which 
is a very sensitive function of the distance of closest ap­
proach and of the spindensity in the overlapping part of the 
electronic wave functions [ 92]. Hence differences in к have 
e 
to be explained in terms of viscosity, temperature, distance 
of closest approach of two radicals and the spindensity at the 
collision surface. 
With some care one may conclude from table 35 that the 
ion pairs with Li as cation have a smaller к than the corre­
sponding sodium ion pairs. Furthermore ion pairs containing 
DME or glymes have a larger к than the corresponding ion pairs 
with THF. An explanation may be that the solvent cage around 
the Li ion pair is larger than around the Na ion pair due to 
the strong polarization of the solvent dipoles by the small 
Li ion; hence the distance of closest approach will be smaller 
for the ion pair containing sodium. The THF molecule contains 
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1.2 M 
1.0 - 2.0 M 






( 1 8 . ± 3 . ) х і о ' 
( 2 5 . ±6.)X10' 
11.X 10' 
35.X 10' 
( 3 6 . ±3.)X10' 
26.X10' 
sample concentration к (in mol/1.s) 
e 






Li-Fl-THF 1.8 M 6.X10' 
Na-Fl-THF 1.3 M 13.X10' 
Na-Nl-DME 1.2 - 2 . 3 M ( 1 8 . ± 2 . ) X 1 0 ' 
Na-Nl-di-DME/THF-cJ. O.U - 2 . 2 M ( 1 3 . ±1.)X10" 
Na-Nl/Nl-d, -DME/THF-d» 2 . 2 5 M ( 2 6 . ± 3 . ) X 1 0 ' 
Na-Pht-THF 1.3 M 9.5X10' 
Na-Py-DME 1.35 M ' ) {2k. ± 3 . ) X 1 0 ' 
Ma-Tpb/Tpb-d,e-DME/THF-d, O.lt - 1.3 M ( 1 0 . ±3.)X10* 
1.0 M ' ) ( 1 8 . ±2.)X10* 
Na-Tp-THF ' ) 1.2 У ( 1 7 . 5 ± 1 . 0 ) X 1 0 ' 
Ha-Tp-THF/TG ' ) 1.2 M (20. ±1.0)X10' 
Table 35. The rate constants for spin exchange in solutions of 
aromatic hydrocarbon anions at 30°С. The abbreviations Fl and Pht 
stand for fluorenone and phenanthrene. ') Temperature 50°С. ') The 
value obtained for a 1.0 M solution compared to the value for a 0.U M 
solution demonstrates the error introduced by the use of equation U-I7 
at high concentrations. 3 ) Partly deuterated Tp (U2% 'θ). 
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only one oxygen atom, DME and glymes two or more oxygens. 
Since the coordination number of the cation will be almost 
constant more bulky cations will be present in THF. This will 
lead to lower values of к in THF than in DME or higher glymes 
[ 17З]· According to the above arguments one should expect that 
the к of Na-Bp-DG would be larger than the к of Na-Bp-DME. 
So the lower value measured for Na-Bp-DG with respect to 
Na-Bp-DME seems not to be in agreement with these arguments. 
However, after correcting for the difference in solution vis­
cosity (the solvent viscosity of DG is twice as large as that 
of DME), indeed the к of Na-Bp-DG is larger than the к of 
e e 
Na-Bp-DME. Addition of TG to Na-Tp-THF does increase the so­
lution viscosity (estimated from the quadrupolax relaxation 
of the deuterons) by about 25$. In spite of this к is larger 
in THF/TG than in pure THF, supporting the suggestion of bulky 
ion pairs in THF. Finally the low к value for Li-Fl-THF may 
be caused by formation of diamagnetic dimers, through which 
the actual concentration of Fl may be lower than cited in 
table 35 [20,118] . 
U.U.3.2 Deuterium quadrupole coupling constant. 
The qcc of deuterons in neutral aromatic hydrocarbons appears 
to be O.19 MHz within a range of 0.01 MHz and with η < 0.1 
[ 170-172]. If the qcc of the deuteron in the anion was equal 
to the qcc in the parent hydrocarbon, then the calculated ro­
tational correlation times are reliable. However the additional 
electron and the ion pair formation may influence the electric 
field gradient at the deuterons. In the ion pair the field 
gradient may be changed by the counter ion and by the electric 
dipoles of the solvent molecules. Using the point charge ap­
proximation one calculates for the qcc due to the cation 
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0.02І+ MHz and 0.007 MHz for distances between the cation and 
the deuteron of 2 A and 3 A, respectively. An average distance 
of 3 A or more would be a reasonable estimate [ 20,38,68] . The 
effect of the cation on the electric field gradient at the 
deuterium nucleus of D O in aquo complexes has been estimated 
to be smaller than 10$ of the field gradient at the deuterons 
of pure water [ 17^,175]· We conclude therefore that the effect 
of the ion pair formation on the electric field gradient at 
the deuterons of the hydrocarbon anions will be small, its 
sign and magnitude depend on the relative position of the cat­
ion and the anion. 
The effect of the additional electron in the it-orbital 
of the anion on the electric field gradient at the deuterons 
can be established using the same mathematical technique as 
applied in the calculation of the T-tensor [ 73-75] · The qcc 
due to one full electron in the 2p orbital of the adjacent 
carbon atom is -0.0k9 MHz with η=0.835» the principal z-axis 
of this field gradient tensor (according to the definition of 
section 2.3.3) appears to be the direction of the C-D bond. 
The deuterium qcc is positive for all compounds [80,172,176] 
and runs from 0.03 MHz to 0.3h MHz going from LiD to DF [ 176] . 
Hence the increasing charge density in the carbon 2p -orbitals 
will cause a decrease of the qcc of the deuterons in the hy­
drocarbon anions. The effect on the quadrupolar relaxation can 
ρ 
be estimated by comparing the value of (r-)2 (see equation 2-57) 
calculated for a deuteron in a neutral hydrocarbon (1.8 Mrd2/s2 ) 
with the value calculated for a deuteron in the same hydrocarbon 
bearing one additional electron in the 2p -orbital of the carbon 
adjacent to the investigated deuteron (1.0 Mrd2/s2). At constant 
viscosity the quadrupolar relaxation will decrease by 1+3$ due 
to the extra electron. Since the extra charge density in the 
carbon 2p -orbitals usually will be less than 0.2 electron the 
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actual quadrupolar relaxation will change less than 10%, which 
is within the experimental accuracy. Of course the model is 
highly simplified and changes in the σ-orbitals (changes in 
the C-D bond lengths [ I77] ), which have not been taken into 
account, may have effects of the same order of magnitude. 
Conclusionr^theoretical estimates of the effect of the 
extra electron and the counter ion on the electric field gra­
dient proves that the difference in deuterium qcc of the anion 
and the parent hydrocarbon is negligible. Hence the rotational 
correlation time obtained from the quadrupolar relaxation of 
the deuterons will be reliable. 
h.k.3'3 The effect of the T-tensor calculation on the corre­
lation times. 
The electron correlation times obtained from the proton line-
widths will be reliable, for the Fermi contact relaxation is 
the dominating relaxation mechanism and the hfsc's are known 
accurately. The accuracy and reliability of τ and τ, depend 
mainly on the T-tensor calculation. A decrease of (r-)2 will 
increase τ, by almost the same amount. As can be seen from 
table 19 the improvements ôf the T-tensor calculation (dis-
cussed in section k.3>2 and k.k.2) cause a decrease of (τ-)2 
with 30% to 50$ and subsequently an increase in τ of the 
same order. The final effect on the rotational correlation 
time can be seen from table 36, where the rotational correla­
tion times (τ_ ) obtained from the proton linewidth 
rCHF,MU 
analysis using (g-)2 are summarized. 
A comparison of τ and τ indicates that the cor-
rf rCHF,MU 
relation times calculated with (rOpyj, j-, are considerably larger 























































































































Table 36. Rotational correlation times (in picoseconds) at 30°Γ derived by various techniques, τ : calculated from the 
B r 
proton linevidth analysis with (τ-ίί . τ : calculated from T' . with e'qQ/h=0.19 MHz. τ : analogous to τ using 
B
 h f rQ 2 D , ( i rCHF,MU rt 
(r·)' _ ,_,. τ. : one of the correlation times defining the anisotropic rotational diffusion (see section к.Ь.ЗЛ). т_ 
fi CHF.MU 1 rDebije 
the rotational correlation time calculated from the Debije-Einstein theory of isotropic rotational diffusion (see section 
't.'t.З.5). ') Average result obtained from the quadrupolar linewidths of the deuterons given in column two. ) The experi­
mental accuracy allows for all physically realistic values of τ . 3 ) The proton linewidth analysis was not possible. 
- 135 -
τ and τ (the rotational correlation time calculated 
rCHF,MU rQ 
from T^ l ) is satisfactory in view of the experimental accu-




 , but their uncertainty ranges overlap. The overall 
Q 
agreement between both correlation times proves that one can 
not neglect the three center integrals in the calculation of 
the T-tensor. 
и.Ц.З.І* Anisotropic rotational diffusion. 
If the Brownian rotational diffusion is anisotropic, the con­
cept of isotropic motion applied in the analysis of the proton 
linewidths may give wrong results. Hence it may be worthwhile 
to investigate the effect of the anisotropic diffusion on the 
rotational correlation times presented in the preceding sec­
tions. 
The anisotropy of the rotational diffusion of TKF mole­
cules has been observed clearly in Li-A-THF/THF-d* and 
LiClO. -THF-сЦ solutions. In a 1.2 M solution of the anthracene 
dianion in THF/THF-d* the linewidth of the o-deuteron of THF-d* 
was twice as large as the linewidth of the ß-deuteron resonance. 
This effect is too large to be explained by a change of the qcc 
of the a-deuteron due to the vicinity of the cation [ ΐγΗ,ΙΤ?] · 
Similar effects have been observed in concentrated solutions 
(> 2. M) of LiClOjj in THF-d« . 
The THF molecule is a paxt of a larger complex, e.g. 
Li (THF) . According to the Debije-Einstein theory the corre­
lation time for Brownian rotational diffusion of a particle is 
proportional to its size. Therefore the motion of THF will be 
slowed down, when it enters the Li solvation shell. The THF 
molecule will point its oxygen atom at the cation and thus can 
rotate around the R.-axis (see figure 18) without displacement 
- ізб -
of other molecules. For rotational motion around one of the 
other axes (perpendicular to the R.-axis) the whole complex 
has to move. Thus the rotation will Ъе anisotropic. 
I R||,anion 
Figure 18. Schematic picture of the orientation of the principal axes of the 
rotational diffusion tensors of the THF molecule and of the aromatic radical 
anion with respect to their molecular frames. 
In the ion pairs of planar aromatic hydrocarbon anions 
the cation is usually located above (or below) the molecular 
plane of the anion. For this structure the rotation of the 
anion around the axis perpendicular to the molecular plane 
will hardly he affected by the cation and solvent molecules, 
but for rotation around one of the other axes the whole ion 
pair including the first solvation shell has to move or the 
ion pair structure will be distorted. 
Provided that the above outlined models hold, one of the 
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principal values of the rotational diffusion tensor (Ru) will 
Ъе much larger than the other two for both the anion and the 
THF solvent molecule. For the sake of simplicity it will be 
assumed that "both R-tensors are axially symmetric. In figure 
18 the directions of the principal axes of the rotational 
diffusion tensors, corresponding to RM, are depicted for the 
anion and for the THF molecule. 
Tetrahydrofuran. Because the electric field gradient ten­
sors at the deuterons in THF-cU are almost axially symmetric 
around the C-D bond, equation 2-53 reduces to a more simple 
expression [ 178,179] : 
^ c T ^ ^ ^ r . e f f ^ 1 8) 
with: 
_ ¿(3cos2e - 1 У 3 s i n 2 e c o s 2 6 gs in 4 9 
T
r,eff ÉÍRT 5R. +R, 2R,+Í+R. 
where θ is the angle between the symmetry axes of the V-tensor 
and of the R-tensor. For large anisotropy (RB/R. ) only the 
first term of τ _„ will contribute appreciably. From the 
molecular structure of THF one derives θ »ΘΟ0 and Θ,,^Ο0 . The 
angle for the (S-deuteron is approximately the magic angle for 
which Зсоз2 -1 will become zero. Therefore the term 
ц(Зсоз2 - 1)2/6R. will be larger for the a-deuterons than for 
the 0-deuterons and hence τ „_ > τ „„. From equation h-'\8 
r ,eff r„,eff 
α' β' 
it follows that a value for R|/R. between 20 and 50 will be 
enough to explain the measured difference in the linewidth of 
the deuteron resonances of THF-d«. In view of a previous study 
on the anisotropic rotation of CH_CN by Bopp [ 178] and Woessner 
et al. [ 179] these anisotropies are not unrealistic. 
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Hydrocarbon anions. For the aromatic radical anions the 
principal z-axis of all T-tensors will be parallel to the 
symmetry axis of the rotational diffusion tensor. In this case, 
provided that the R-tensor is axially symmetric, equation 2-55 
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 = 21^+URI 
For large anisotropy the second term will not contribute. Hence: 
T-1 =«—Ц-£202т' (Ц-20) 
2tDip 20^ 2h
J τ1 и ¿O> 
It can be shown mathematically that (r-)2 is always larger than 
Tzz 
or equal to (—rr-)2 . Hence τ. will be always larger than or equal 
to the dipolar correlation time derived from the isotropic model. 
Τ 
If (— -^)2 is equal to (r-)2 (which is the case for a T-tensor 
axially symmetric around the z-axis), then the rotational corre­
lation time calculated from equation k-20 is equal to that cal­
culated for isotropic rotational diffusion using 2-56 and does 
not depend on the amount of anisotropy of the rotational motion. 
Τ 
On the other hand when (—^гУ^іг)2 · a small anisotropy will give 
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rise to a much larger value for the dipolar and rotational 
correlation time than those hased on the isotropic model. 
The assumption that anisotropic rotational diffusion occurs, 
also influences the interpretation of the quadrupolar relaxation 
of the deuterons. The symmetry axes of the axially symmetric 
electric field gradient tensors of the deuterons in the aro­
matic radical anions (the directions of the C-D honds) make 
angles of 90° with the principal axis of the rotational dif­
fusion tensor. So for large anisotropy τ „„ becomes equal 
to ¿τ. (see equation 4-18). Hence in the limit of infinite 
anisotropy τ
Γ
 will he four times smaller than the rotational 
correlation time calculated from the 'H linewidths applying 
equation k-20. So only when τ. calculated from the Ή line-
width analysis increases more than four times with respect to 
the rotational correlation time calculated from the same pro­
ton resonances using the isotropic model for the Brownian 
rotational motion, will the disagreement between the data ob­
tained from the proton and deuteron nuclear magnetic relaxation 
Τ 
decrease. But this will happen only for protons with (—тг-)2 
smaller than 25% of (jp)2 (see table 19). 
Inspection of table 36 indicates that the value of τ. , 
calculated with T f, is never four times as large as τ Γ . For 
Bp~ and Tpb anisotropic rotation affects the rotational cor­
relation time only slightly due to the large values of Τ 
Only for A - and Nl - does the calculated dipolar correlation 
time increase strongly. Unfortunately due to the experimental 
accuracy no information about the rotational correlation time 
can be obtained for these anions. 
Conclusion: anisotropic rotational diffusion is not able 
to explain the discrepancy between the rotational correlation 
times derived from proton and deuteron NMR. There is no evi-
- lUo -
dence that the алion does undergo anisotropic Brownian rota­
tional diffusion. 
U.U.3.5 Isotropic rotational diffusion and viscosity. 
According to the Dehije-Einstein theory the rotational correla­
tion time of a molecule will be proportional to its size and 
to the solution viscosity. Because the anion will be bonded 
rather rigidly in the ion pair, the large size of this ion 
pair will be responsible for large τ values. As the solution 
г 
viscosity is a function of the volume fraction of the solute 
particles, the size of the solute molecules also indirectly 
influences the value of τ . To establish whether the ion pairing 
process can explain the large τ 's, we have estimated the τ 's 
of the ion pairs using equation 2-77· The molecular volume has 
been obtained from: 
Vm=0^ÑTs¿ (U-21) 
where M is the molecular weight of the compound, Sg the specific 
weight of the compound, N Avogrado's number and O.7U is a cor-
rection factor, calculated for a hexagonal closest packing of 
hard spheres. The molecular volume of the neutral hydrocarbon 
calculated from U-21 has been used as a lower limit for V of 
m 
the whole ion pair. For the viscosity of all solutions we have 
used"the measured viscosity of the Na-Nl-DME solutions. Inspec-
tion of Vand's relation (see equation 3-16) indicates, that the 
actual viscosity of the other samples will be larger at equal 
concentration, because Nl- is the smallest anion studied and 
the viscosity increases with the size of the ion pair. Partic-
ularly for the larger anions, Tpb" and Tp~, one may predict too 
small viscosities. The use of the molecular volume of the neu-
tral hydrocarbon instead of the molecular volume of the ion 
- IUI -
pair will underestimate τ ; on the other hand the Debije-
Einstein theory usually overestimates τ [ 83]. In view of the 
r 
approximations introduced the agreement between τ and 
τ (see table 3β) is satisfactory. 
Debije 
U.l+.U Miscellaneous topics. 
We will now discuss some topics, which were not studied sys­
tematically. The experimental results will be presented during 
the discussion. 
U.1+.1+.1 Electron spin relaxation. 
In order to resolve the proton spectrum of a radical the elec­
tron correlation time needs to be small. The spin-spin inter­
action, which increases with increasing radical concentration, 
provides a mechanism to reduce τ . However, the high concen­
trations necessary to obtain reasonably small τ 's can not be 
reached for most radicals. A way out of this dilemma is to 
measure a sparingly soluble radical in the presence of a highly 
soluble radical, which then may act as a spin relaxer [ 118,153, 
ΐ8θ] . Preferably one of the radicals should be completely 
deuterated to avoid overlapping of the resonance lines. As an 
example we will discuss our results obtained on a sample con­
taining O.5 M Nl-dä" and 1.2 M Bp~ in DME with Na as counter 
ion. The linewidths measured at 30°С are gathered in table 37· 
The small linewidth of the resonances of the Nl-d«/Bp 
sample with respect to the linewidths measured for samples 
containing only one of the hydrocarbons at equal concentration 
demonstrates the mutually relaxing effects of the biphenylide 
and naphthalenide radicals (J ~_ил~ ^  θ)· The deuteron line-
widths of the Nl-de/Bp sample are smaller than the linewidths 
of a 1.7 M Nl-dT sample; hence the Bp~ **• Nl~ interaction causes 
- 11+2 -
t i iphenyl naphthalene 
1.2 M Na-Bp-DME + 0.5 M Na-Nl-d* -DME 98OO 1*20 1200 200 
1.2 M Na-Bp-DME 
1.5 M Na-Bp-DME ' 
0.5 M Na-Nl-d»-DME/THF-d< 









Table 37. Proton and deuteron linewidths of the 1.2 M Bp /0.5 M Nl-d« solution 
in DME compared with the linewidths of some single component samples. All line-
widths are measured in rd/s. ') data resulting from a mixed sample containing 
50% Bp-dio· 
a more efficient electron spin relaxation than the Nl~ *• Nl~ 
interaction. However, the proton linevidths of a 1.5 M Bp~ 
solution are already equal to the Ή linewidths of the biphènyl 
protons in the Nl-de/Bp sample, which is 1.7 M in total radical 
concentration. Therefore the Bp~ ·*» Nl~ interaction relajees the 
electron spin less efficiently than the Bp" ·** Bp~ interaction. 
Hence it follows that: 
kBp~,Bp" > kBp",m" > kNl~,Nl~ 
where к is the rate constant of the spin exchange reaction 
between the radicals (see section 2.5). To obtain reliable 
numerical results for the different rate constants, measure­
ments at several concentrations axe necessary. 
From our results we may conclude that both N1 and Bp 
can be used as a spin relaxer. The Bp anion is more efficient 
but the solubility of this anion and the reduction potential 
- 1U3 -
of neutral biphenyl will limit its applicability to THF and 
stronger solvating ethers [20,23]. The use of the Nl - anion 
in MTHF and even weaker solvating ethers seems promising. 
k.k.h.2 Resolution enhancement. 
As has been argued in section h.2.'\ one expects a resolution 
enhancement equal to у^/у-г, — 6.51 for the 2D MMR spectrum of 
the perdeutero-anion with respect to the ' Η NMR spectrum of 
the normal anion [ 158,159], provided that the quadrupolar 
relaxation of the deuterons is negligible and that both reso­
nances are detected under identical conditions. Before pre­
senting some experimental data an operational definition for 
the resolution between two signals i and j will be given: 
|ω.-ω . I 
RS. . = —«-τ (U-22) 
•^J (m-l m-I \5 
v
 2i 2j ; 
According to this definition the resolution of signals, which 
can be observed separately, must be larger than one. The reso­
lution enhancement will be defined by: 
When the Fermi contact or pseudo-contact interaction are the 
dominating shift mechanisms and the relaxation is due to mag­
netic interactions only, then equation 1+-23 indeed gives 
f i j = Vv 
The difference in the resolution of the Ή and 2D spectra 
can be studied by inspection of the presented experimental 
spectra. For the spectra of Na-Nl/Nl-de-DME/THF-d* (shown in 
figure 7) f l 2 is equal to 5.1±0.5, which is close to the theo­
retical value of 6.5. This means that the quadrupolar relaxa-
- mu -
tion is of minor importance. If the latter mechanism becomes 
more dominant, one may expect lower f values. To check this 
we have measured the f values for neighbouring resonances in 
the NMR spectrum of ТрЪ~ (see figure 8). The experimental 



















Table 38. Resolution enhancement of the 'θ MME spectrum of Tpb-dn with 
respect to the Ή NMR spectrum of Tpb in a Na-Tpb-DME/THF-d» mixed sample. 
data in table 38 are consistent with the fact that the magnetic 
relaxation governs the linewidth of protons/deuterons with a 
large hfsc and that the Fermi contact relaxation becomes more 
important with decreasing radical concentration. Because the 
magnetic relaxation of the Dg and D9 resonances becomes negli­
gible at high concentration (see table 29) the resolution of 
the De and D9 resonances becomes even less than that of the 
corresponding Ha and H9 resonances. 
Finally it should be remarked that the use of a spin re­
laxer will enhance the spectral resolution of both proton and 
deuteron MMR spectra due to the decrease of all linewidths. 
U.U.U.S Signal to noise ratio. 
The experimental signal to noise ratio has been determined for 
the H9 and D9 resonances of the Tpb" anions in a 0.82 M solution 
of Na-Tpb-DME/THF-d*. Under identical experimental conditions 
the ratio of the experimental SN
n
 and SN^ is 0.05±0.01. 
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The theoretical ratios for all the resonance lines in 
Tpb can he calculated as follows. From the known values of 
τ eind τ, (see table 31) Tjî, is determined using equation 2-5U 




 = (—)2Τ1 + Τ"1 (h-2k) 
11D Ч
н
 IH i2D,Q \4-¿H) 
Substituting these calculated Τ 's and the experimental Τ 's 
into equation U-1, yields the desired ratios. The results are 
















Table 39· The ratio of SM and SN of the deuteron and proton resonances of the 
_ D η 
Tpb anions in a 0.82 M Na-Tpb-DME/THF-d* mixed sample. ') During the analysis 
of the proton linewidths and in the calculation of the Dongitudinal relaxation 
times (r-)î has been used in the formulae for the anisotropic magnetic dipolar 
relaxation. * ) In this calculation (r)l.T,F
 ш
, has been used instead of (r-)i . 
For all positions the calculated ratio is considerably-
larger than the theoretical ratio 0.021+7, which is found when 
T..=T_ both for protons and deuterons. For proton resonances 
T. is much larger than Τ , due to the small contribution of 
the Fermi contact relaxation to the longitudinal relaxation 
and the dominant contribution of the Fermi contact relaxation 
to the transverse relaxation (provided that U¿T 2>1). For the 
quadrupolar relaxation of the deuterons the longitudinal and 
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which will favolar the signal to noise ratio of the deuteron 
resonances with respect to the proton resonances. The smaller 
value of SND/SNH for H9 and D9 compared to the value for He 
end De is due to the important contribution of the anisotropic 
magnetic dipolar relaxation to the H9 linewidth. For this re­
laxation mechanism To^i ''•s 1 а гв е г than or equal to 6/7, 
whereas the Fermi contact relaxation may give rise to a much 
smaller ratio. The decrease of the SN /SNU ratio going from 
D η 
He,0» to Ню,Dio and Hj ,Dj is due to the increasing contribu­
tion of the Fermi contact interaction to the relaxation of 
these deuterons. 
U.5 Conclusions. 
From the transverse relaxation times of the protons and the 
deuterons in normal and perdeuterated aromatic hydrocarbon 
radical anions reliable information can be abstracted about 
the Fermi contact and quadrupolar relaxation of the nuclei. 
The anisotropic magnetic dipolar relaxation can better be 
studied from experimentally determined longitudinal relaxation 
times. Also the information about the quadrupolar relaxation 
of the deuterons will be improved by T.. measurements. 
. To obtain detailed information about the rotational cor­
relation times from the proton resonances accurate knowledge of 
the anisotropic magnetic dipolar interaction tensor is necessary. 
Two ways are open to obtain this information: i) measurements of 
the anisotropic hfsc's from salts (powder or single crystal) of 
the hydrocarbon anions l 1б2], ii) carrying out improved quantum 
mechanical calculations on the ал ion, e.g. better MO-calculations 
and exact evaluation of the three center integrals in the calcu­
lation of the T-tensor. 
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CHAPTER V. 
DIMIONS WITH TRIGONAL SYMMETRY. 
5.1 Introduction. 
Many aromatic molecules can Ъе reduced to their dinegative 
ions. In most cases these ions are diamagnetic, and in the MO 
description this corresponds to a doubly occupied lowest anti-
bonding MO resulting in a singlet ground state. The shift of 
the 'H resonances of these diamagnetic dianions with respect 
to the ' H resonances of their corresponding neutral hydrocar­
bons [ 125] may give some information concerning the electron 
distribution in these dianions (see section 3.3.2.1). 
A different situation may arise for the class of aromatic 
molecules having a threefold or sixfold symmetry axis. As can 
be demonstrated with group theory such molecules possess a set 
of degenerate and a set of non-degenerate ir-electronic energy 
levels. Only in one such molecule, namely trinaphthylene, is 
the lowest antibonding orbital non-degenerate; its dianion 
should have therefore a singlet ground state in agreement with 
the experiments [ I8I]. 
Other molecules belonging to this symmetry class have a 
twofold degenerate lowest antibonding level, e.g. benzene, 
triphenylene, coronene, 1,3,5-triphenylbenzene, 2,U,6-triphenyl-
sym-triazine and decacyclene, and their dianions may be either 
in a singlet or in a triplet ground state. In a one electron 
approximation these states possess the same energy, but this 
is no longer true when electron correlation is taken into ac­
count. In figure 19 a qualitative term scheme is depicted for 
a molecule with D-, symmetry. One notices that the ground state 
is a triplet, which therefore can be studied by ESR techniques. 
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ESR has shown that the free dianions prepared from all the 
molecules mentioned above have triplet ground states [ kk-k6, 
166,182]. Unfortunately the ESR spectrum of the triplets fur­
nish information only about the electron spin - electron spin 
interaction, and the much smaller electron-nuclear magnetic 
dipolar interaction can not be studied due to the large line-
widths of the ESR resonances of the triplets. The electron-
electron interaction can be described by two parameters usually 
called D ала E [1+U,U9] ; D is a measure of the average separa­
tion between the two electrons and E is a measure of the depar­
ture from trigonal symmetry of the electron distribution. In 
the case of trigonal or higher symmetry E is zero. 
'A; 


















Озь Ü3h+CI = > C2v C2V+CI 
Figure 19. The effect of a non-trigonal distortion on the term scheme of 
dianions with a threefold symmetry axis. 
In order to investigate the electron-nuclear magnetic 
dipolar interaction Ή NMR has been performed on solutions of 
the dianions in ethers at room temperature. As has been out­
lined in the previous chapter one may obtain in this way ac-
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curate information atout the proton hfsc's of the dianions. 
Thus far the discussion has pertained to the unperturbed 
dianions. However, the alkali counter ions, present in the 
investigated solutions, appreciably perturb the electronic 
properties of the dianions [ UU,l+5] · Such a perturbation is 
small in solvents of high solvating power (e.g. polyethers, 
which form cages around the cations [ 1θ3] ). In poorer solvents, 
like MTHF, the cations may strongly perturb the electronic 
distribution. Consequently the relative energies of the lowest 
singlet and triplet states may change drastically. A hamilto-
nian corresponding to a perturbation with a symmetry lower than 
D , say C„ , will cause a strong mixing between the 'Αι and 
one of the ' EÍ wave functions, because under C_ symmetry they 
belong to the same representation Άι (see figure 19)· The ef­
fect of this perturbation on the energy of the terms ' Bi and 
3Bj will be smaller, because now configuration interaction can 
take place only with terms of much higher energy. For a very 
strong perturbation the levels 3Bi and ' Ai may cross and the 
ground state may become a singlet. 
This phenomenon was demonstrated unambiguously by Glasbeek 
et al. [ 181+] for the dianion of coronene, which has a singlet 
ground state and a thermally accessible triplet state when 
dissolved in MTHF. In stronger solvating ethers the triplet 
state was the ground state. The same phenomenon was found by 
Van Broekhoven et al. [ 1θ2] for the dianion of 2,lt,6-triphenyl-
sym-triazine. In both cases the formation of the tighter ion 
pairs in the poorly solvating MTHF causes a perturbation large 
enough to destabilize the triplet state. The perturbation by 
the counter ions plays an important part in the behaviour of 
the ground state triplets too: the parameters D and E charac­
terizing the triplet spectrum of the dianions are very sensi­
tive to the structure of the ion triples and the degree of 
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solvation of the cations [ 1*7,166,182,185,186] . During our ex­
periments evidence for a singlet ground state of the dianion 
of ТрЪ reduced with Li in MTHF has been obtained from NMR ex­
periments at room tempérâtutre. However, ESR measurements on 
this system showed that ТрЪ2" has a triplet ground state at 
low temperatures. 
5.2 Experimental. 
In order to perform NMR measurements the solubility and chemi­
cal stability of the dianions should be large. In fact only 
the Li-Tpb-MTHF system met all the requirements, so that our 
experiments will mainly be restricted to this system. 
Avoiding contact with the metal surface, the ТрЪ dianion 
was stable in MTHF with Li and К as counter ions and in 
glyme/MTHF mixtures with К as counter ion. In pure glymes decom­
position occurred above the softening point of the solution for 
all counter ions. With Li and Na as reducing agent the decom­
position on the metal surface using glymes as solvents prevented 
semi-quantitative experiments. Reduction of ТрЪ with Na in MTHF 
was not successful due to the following equilibrium: 
Na* Tpb 2~-r=Z Na + Na+Tpb" (5-1) 
which was shifted far to the right at room temperature and 
partly to the left at low temperatures. 
The chemical behaviour of the dianion of Tp reduced with 
К was quite similar to the behaviour ТрЪ2" with К as counter 
ion. 
The solubility of ТрЪ2" with Li as counter ion in MTHF 
was at least 1.0 M at room temperature and 0.3 M at -170°C. 
With sodium the solubility was 0.15 M at -170°C, but the con-
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centration at room temperature was small due to equilibrium 
5-1. For all other systems the solubility was lower than 0.2 M 
at room temperature. In view of the trend of the solubility 
with the nature of the alkali cation, Rb and Cs have not been 
employed as reducing agent. 
In the course of our NMR experiments it appeared to be 
useful to measure the paramagnetic susceptibility (χ) of the 
sample. Compared to the resonant determination of the suscep­
tibility (ESR) the non-resonant method (Gouy's method) is a 
much simpler technique for measuring the absolute (paramagnetic) 
susceptibility of a compound. However, the Gouy method is rather 
insensitive, which limits its application in our case to 
Li-Tpb-MTHF. ESR usually can measure only a relative suscep­
tibility due to the experimental problems involving the prepa­
ration of a reference sample containing a well-known amount of 
a stable radical and due to the variation of the sensitivity 
of the ESR spectrometer with the experimental conditions, e.g. 
spectrometer settings, difference in dielectric properties of 
the reference and measuring sample. In order to correct for 
the variation of the quality of the cavity with the temperature 
of the sample a dual cavity has been used, in which two samples 
were present: the measuring sample and a Na-Bp-DME reference 
sample. The reference sample was kept at constant temperature 
and was used to scan the variation of the quality of the cavity. 
The derivative of the ESR absorption has been doubly integrated 
numerically (see section 3.3.1.5), the Cm = ±2 transition (the 
half field line) has been used because it is the only well re­
solved resonance in the triplet spectrum. Furthermore its 
anisotropy is much smaller than the anisotropy of the Am = ±1 
transitions. The above outlined technique has been tested by 
measuring the relative susceptibility of a,a-diphenyl-0-
picrylhydrazyl in MTHF as a function of the temperature: the 
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experimentally determined susceptibility obeyed Curie's law 
(x - 1/T). 
5.3 Results. 
In section 5·3.1 the NMR data will be presented, in the sec­
tions 5.3.2 and 5.3.3 the temperature dependence will be in­
vestigated of the static susceptibility and of the paramagnetic 
susceptibility of the dianions. In section 5.3·^ the thermo­
dynamic quantities describing the ion pair equilibrium observed 
in the Li-Tpb-MTHF solution will be presented. 
5.3.1 NMR on the dianion of 1,3,5-triphenylbenzene. 
The resonance of proton H9 can be observed even in rather dilute 
solutions (lower detection limit ~ 0.2 M) due to the very small 
hfsc of this proton [ I65]. Therefore the dianion of Tpb can be 
studied by NMR in contrast with Tp 2 -, which possess only hfsc's 
of at least one 0rsted and which is sparingly soluble (« 0.01 M). 
The Li-Tpb-MTHF sample has been studied most extensively. 
The reduction was followed by recording the solvent shift and 
the H9 contact shift at 25°C. The solvent shift due to the mono-
anion proved to be proportional to the radical concentration 
[ ІЗІ*] , from the Fermi contact shift one calculates a=0.13 0rsted. 
After 100% reduction to the monoanion had been reached both the 
solvent shift and the Fermi contact shift decreased upon further 
reduction, the linear relationship between δ and δ was pre­
served and the proportionality constant did not change (see figure 
20). This behaviour has been observed for several solutions [ I87] 
in the concentration range 0.2 M upto 0.9 M. 
The solvent shift of Li-Tpb-MTHF/TG as a function of the 
degree of reduction behaved similarly to the solvent shift of 
the sample without glyme. However, the Fermi contact shift stays 
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60 ВО 100 120 δ,,,Ηζ 
Figure 20. Fermi contact shift at 25 С of the H» proton of Tpb as a function of 
the solvent shift for a 0.9 M solution of ТрЪ in MTHF gradually reduced with Li. 
The open circles refer to shifts measured on further reduction of ТрЪ" to Tpb1". 
constant after reaching 100/S reduction to ТрЪ . Upon further 
reduction the H9 resonance did not shift, but broadened strongly 
and its integrated intensity decreased. 
Attempts to measure the NMR spectrum of Tpb2- in Na-Tpb-MTHF 
and K-Tpb-MTHF were unsucessful due to the existence of equilib­
rium 5-1 and the low solubility (« 0.05 M), respectively. Addi­
tion of TG to a solution of K-Tpb-MTHF enhances the solubility 
of the mono- and dianions. The H9 hfsc of the monoanion in a 
K-Tpb-MTHF/TG sample amounted to 0.13 0rsted. Its solvent shift 
behaved the same as the solvent shifts of the Li samples. Upon 
further reduction the H» resonance could not be observed anymore, 
due to the bad SN ratio and possibly due to decomposition of the 
dianion. 
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5.3.2 Static susceptibility. 
The static susceptibility of a Li-Tpb-MTHF sample (starting 
concentration of neutral Tpb: 0.2 M) has been measured by the 
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Figure 21. Static susceptibility of a Li-Tpb-MTHF sample containing both 
Tpb" and Tpb2" anions. The starting concentration of neutral Tpb was 0.2 M, 
the concentration ratio [ Tpb"]/[ TpbJ "] was 2.5 at the final stage of reduc­
tion. The relative susceptibility at -170°С has been set equal to lOOï. 
shown in figure 21. From a numerical integration of the ESR 
signals of the mono- and dianions of this sample it appears 
that the ratio of the concentration of Tpb" and Tbp2" is ap-
proximately 22. The predicted behaviour of the susceptibility, 
assuming that Tpb2" possess a triplet ground state at all tem-
peratures, is given by the dotted line, the dashed line repre-
sents the contribution of the monoanion to the susceptibility. 
The contribution of the dianions can be obtained by subtracting 
the contribution of the monoanions from the experimentally de-
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termined susceptibility. The susceptibility of the dianions 
scaled to 100$ at -170°С has Ъееп presented in figure 22. In 
order to compare the results of the Gouy method with the data 
obtained from ESR only the relative variation of the suscep­
tibility has been presented. Another reason for this is that 
decomposition of Tpb2" during the reduction does not affect 
the relative susceptibility, but does alter the absolute sus­
ceptibility. 
5.3.3 Paramagnetic susceptibility. 
The susceptibility of Tpb2- measured by ESR on a Li-Tpb-MTHF 
sample is presented in figure 22. The agreement with the data 
obtained from the static susceptibility is satisfactory. Sim­
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Figure 22. The relative susceptibility of Tpb2" in a 0.2 M solution of Tpb in 
MTHF reduced with lithium, derived from static susceptibility measurements (0) 
and from ESR experiments (·). The dotted line indicates the expected behaviour 
of a ground state triplet. 
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Figure 23. The relative susceptibility of ТрЪа" in a 0.05 M solution 
of Tpb in MTHF reduced with potassium. The data have been obtained 
from ESR measurements. 
figures (22 and 23) indicate that the susceptibility of the 
dianions deceases with increasing temperature much faster than 
predicted by Boltzmann statistics. At high temperatures the 
measured paramagnetic susceptibility of the dianions may he 
affected by back-ground ESR absorption. 
For all other solutions of Tpb2", the glyme/MTHF and the 
pure glyme samples, the paramagnetic susceptibility of Tpb 
follows Curie's law. The susceptibility of Tp2" proved to be 
proportional to 1/T for all systems investigated. The prelimi­
nary report of non-Curie behaviour of K-Tp-MTHF [ 187] has not 
been confirmed by improved experiments. The data of reference 
I I87] have been obtained from a manual integration of the ESR 
resonances, assuming a temperature independent quality of the 
cavity. 
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5.3.U Ion pairing equilibrium. 
Reduction of Tpb with Li in MTHF resulted in two triplet spe­
cies as demonstrated by the ESR spectrum of ТрЪ2- in a glassy-
matrix at -l600C [ I82] . The spectra of the triplet species 
could each be described by a single zero field splitting param­
eter D equal to 3^ +7 0 and 1+73 0, respectively. The species with 
the smallest D value was predominantly present. When glyme was 
added to the solution the species with the largest D value was 
completely converted into the triplet species with the smallest 
D value. Below 0.2 M the concentration ratio of the two triplet 
species was insensitive to the total radical concentration and 
the final overall triplet intensity was proportional to the 
starting concentration of neutral Tpb. Above 0.2 M the overall 
triplet intensity starts to decrease and the triplet with the 
largest D value becomes predominant. For solutions with a con­
centration less than 0.2 M the total triplet intensity drops 
when the temperature increases, as has been shown in the pre­
vious section. In addition the relative concentration of the 
two triplet species changes, the triplet with D equal to U73 0 
becomes dominant with increasing temperature. This change can 
be interpreted by the following ion triple equilibrium: 
Li"V TpbWLi + t^. Li'V TpbJ".Li+ + nMTHF (5-2) 
where Li t Tpb2"/Li is an ion triple with two highly solvated 
lithium ions and Li / Tpb2".Li is an ion triple in which one 
of the cations is less solvated. The last ion triple will give 
rise to the larger D value due to the increased perturbation 
of the dianion by the cation. Because the solvation decreases 
with increasing temperature the triplet species with the largest 
D value will become dominating at high temperature. From the plot 
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Figure 2k. Plot of the logarithm of the ratio of the triplet concentrations 
(K) versus the reciprocal of the absolute temperature. 
K=[ Li* / Tpb1 " . Li* ] /[ Li* / ТрЪэ " ' Li* ] . 
of the logarithm of the concentration ratio of the two triplet 
species versus 1/T (see figure 2h) one calculates for equi-
lihrium 5-2: ÙR=k.h±0.5 Kcal/mol and AS=32±U e.u./mol. The 
equilibrium 5-2 will be concentration independent only when 
the solvent concentration can he regarded to be constant. Since 
this does not hold for large concentrations of Tpb2- the equi-
librium will shift to the right above 0.2 M. 
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5.1+ Discussion. 
5.U.I NMR experiments. 
During the reduction of ТрЪ with an alkali metal the electron 
transfer reactions given by equation 3-2 will occur. Because 
electron transfer is a rapid process on the NMR time scale, 
one will observe an averaged contact shift: 
Ô
c ~ (fAr-aAr-XAr- + Г А Г ' ^ А Г ' - Х А Г 1 - ) ( 5- 3 ) 
where : 
fAr- = [Ar"]/Co and f ^ j . = [Ar 1 - ]/Co 
w i t h : 
Co = [Ar] + [Ar-] + [Ar2-] 
a, _ and a. 2- are the Ή hfsc's of the mono- and dianion, Ar Ar ' 
χ. _ and χ. г- are the molar susceptibilities of the mono- and 
dianion. 










 + fAr>-aAr>-XAr»-)C· ^ 
The Fermi contact shift of the solvent protons due to the in­
teraction with the unpaired electrons of the mono- and dianions 
has been taken into account by the introduction of the param­
eters a. _ and σ.
 2_. 
Ar Ar 
In order to discuss the behaviour of the proton resonances 
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of the Li-Tpb-MTHF samples, we assume that the Ή hfsc's are 
equal for the mono- and dianion [ 188] and that the Fermi con­
tact interaction of the solvent protons is negligible 
(ο --"ι. 2- = l) or at least equal for both anions (σ - = σ Δ 2-)· 
Under these conditions the Fermi contact shift is directly 
proportional to the solvent shift. If ТрЪ2" was a triplet 
species one expects a continuous increase of S and δ during 
the entire reduction. However, if Tpb2" is in a singlet ground 
state, then the dianion will not contribute to δ and δ , equiv­
alent to the behaviour of the neutral hydrocarbon. Upon further 
reduction f. _ tends to zero and so does the contact and the Ar 
solvent shift. Hence the experimental behaviour of δ and δ 
can be explained by assuming that the dianion of Tpb in the 
system Li-Tpb-MTHF has a singlet ground state at room temper­
ature. Attempts to explain the experimental behaviour with a 
triplet dianion appears to be impossible, except for the purely 
academic situation that the H9 hfsc of the triplet dianion is 
zero and that the contact shift of the solvent protons caused 
by interaction with the dianion cancels exactly the bulk sus­
ceptibility shift due to the triplet dianions (σ 2-=0). Also 
decomposition of the dianion does not offer an explanation as 
will be shown below. 
In the sample Li-Tpb-MTHF/TG the contact shift stays con­
stant during prolonged reduction after all neutral hydrocarbon 
has tieen converted into Tpb , but the solvent shift decreases 
to zero. This can Ъе explained by decomposition of the dianion. 
With an unstable dianion Co and therefore δ will decrease upon 
prolonged reduction. Furthermore all non-decomposed triphenyl-
benzene will be present as the monoanion, hence f _ will be 
constant and equal to one and therefore in accordance with 
5-3 δ will be constant. 
с 
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5.U.2 Magnetic susceptibility. 
The ESR and static susceptibility experiments provide addi­
tional evidence (see figures 21 and 22) for the singlet ground 
state of the dianion of Tpb in MTHF at room temperature with 
Li as counter ion. The ESR experiments suggest a similar be­
haviour if К has been used as counter ion. At low temperatures 
(< -l600C) a triplet ground state has been observed in both 
samples. If the perturbation of the cations becomes less, e.g. 
when polyethers are present in the solutions, no evidence for 
singlet species has been found at any temperature. 
Qualitatively the stabilization of the singlet ground state 
can be explained with the aid of the level scheme of figure 19· 
Quantitative calculations of Sommerdijk et al. 1^ 5,1*8,185] have 
shed more light on this phenomenon. For several conformations 
of ion pairs and ion triples the energies of the triplet and 
singlet states were calculated. It was found that for Tp2" the 
triplet is always the ground state, independent of the magnitude 
of the perturbation. Indeed no experimental evidence for a 
singlet Tp2" anion has been found. For Tpb2- the triplet state 
is the lowest state, provided that the cations are located near 
the trigonal axis of the molecule. The zero E value observed for 
all Tpb2" triplet spectra is in agreement with this. However, 
when the cations are placed in non-centric positions the singlet 
state becomes the lowest state [ 1*8] . 
From an energie point of view the central position of the 
cations is only slightly favoured over the non-centric confor­
mations; the net charge density is almost equally spread out 
over the molecule. The net charge on the central benzene ring 
(О.576) is only slightly larger than on the outer rings (0.1*75) 
as Sommerdijk et al. [ 1*8] pointed out. Apart from the fact that 
the non-centric positions are favoured at higher temperatures, 
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the decreasing solvation of the cations will increase the 
perturbation of the anion due to the decreasing distance be­
tween the cations and the dianion. Therefore at elevated tem­
peratures smaller deviations from the centric configuration 
will already cause a singlet ground state. The effect of the 
decreasing solvation of the cation has been nicely demonstrated 
by the coincidence of the drop of the triplet intensity of the 
Li-Tpb-MTHF system with the shift in the ion pair equilibrium. 
The Curie behaviour followed by all systems below -1600C 
can be explained in two ways: i) the enhanced solvation at lower 
temperatures decreased the perturbation by the cation so much 
that all dianions are in a triplet ground state; ii) both triplet 
and singlet dianions are present, but the singlet species can 
not be detected. The high viscosity of the glassy matrix has 
frozen out the equilibrium between the singlet and the triplet 
species [ 186] ; the concentration of the triplet species will 
thus be constant and a Curie behaviour will be observed again. 
If the last hypothesis applies, it is possible to explain 
the experimentally observed absolute susceptibility; a solution 
of 0.2 M neutral Tpb, reduced with Li until the concentration 
2- -
ratio of Tpb and Tpb is * 2.5, should give rise to a molar 
susceptibility of ЗбООХІО"6 e.s.u. at -1800C, whereas only 
2100X10"' e.s.u. has been measured. Hence k0% of the starting 
Tpb has to be diamagnetic at -1800C, and because there is no 
évidence for such a large degree of decomposition it seems likely 
that a large fraction of dianions will be in a singlet ground 
state even below -1700C. Further the following observations in-
dicate that a high-temperature equilibrium state has been frozen. 
If a solution was cooled down rapidly from room temperature to 
-190oC the measured triplet intensity was much less than when 
cooled down slowly, but in both cases the susceptibility followed 
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a Curie behaviour between -170°С and -1900C. Only when the 
sample was cooled down very slowly, could reproducible triplet 
intensities be obtained below -170°C. 
The zero field splitting parameters observed on the various 
samples are in agreement with the ones reported by Van Broekhoven 
et al. [ 166,182]. Since for our samples the concentration is 
rather large (on the order of 0.1 M) the presence of dissociated 
ions seems highly unlikely. The excellent agreement mentioned 
above indicates that also at low concentrations the ion triples 
are dominantly present. The explanation for the differences in 
the zero field splitting constants given by Van Willigen [ I86] 
in terms of free ions, ion pairs and ion triples is not in 
agreement with our results. Moreover one can explain his photo-
oxidation experiments equally well using only ion triples for 
the dianion and only ion pairs for the monoanion species. 
5.5 Conclusion. 
The magnetic behaviour of the dianion of Tpb proves that at 
elevated temperatures using MTHF as solvent the perturbation 
of the cations in the ion triples becomes so large the majority 




NUCLEAR MAGNETIC RESONANCE ON THE ALKALI CATIONS. 
6.1 Introduction. 
Since the pioneering work of Atherton and Weissman [ 33] on the 
association between sodium and naphthalenide ions, many ESR 
studies of ion pairs have appeared and much information on 
alkali metal hfsc's has been collected [32]. The alkali metal 
hyperfine coupling was found to be very sensitive to the sol-
vent and the temperature suggesting that transfer of spinden-
sity from the aromatic radical to the metal proceeds in a com-
plex manner. Unfortunately ESR experiments give only the abso-
lute value of the hfsc, whereas in determining the mechanism 
of spin transfer the sign of the hfsc is of importance. 
De Boer [ 3^ ] , in an ESR study of the pyracene anion radi-
cal, observed that that the Cs hfsc exhibited an anamalous 
temperature dependence. He suggested that the Cs hfsc could be 
negative as well as positive depending on the temperature. 
Negative alkali spindensities were also proposed by Dodson and 
Reddoch [ 35] and Hirota [ 36] , from studies of the alkali naph-
thalenide and alkali anthracenide ion pairs. They pointed out 
that the alkali spindensity was a regularly decreasing function 
of the ionic radius of the alkali ion provided that the spin-
density of Rb and Cs was taken negative. NMR offers a possibil-
ity to determine the sign of the hfsc. The alkali metal hfsc's 
of biphenylide, naphthalenide and anthracenide ion pairs de-
termined by NMR experiments [ 20-25] confirm the proposed change 
of sign in going from Li to Cs. Besides the unambiguous deter-
mination of the sign of the spindensity, NMR offers a further 
advantage over ESR because only one resonance line will be 
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observed for each equivalent group of nuclei. So the alkali 
metal NMR spectrum consists of one resonance line, whereas 
the ESR spectrum contains several lines which may be hard to 
resolve. Furthermore from the nuclear magnetic relaxation of 
the alkali nuclei valuable additional information about the 
structure and dynamics of the ion pair can be obtained. 
6.2 Theory. 
The alkali hfsc and linewidth depend strongly on the position 
of the alkali cation with respect to the radical anion in the 
ion pair. An ion pair is a system consisting of a cation and 
an anion, bound together by coulombic forces, and of solvent 
molecules coordinated in the solvation shells of the ions. 
The structure of the ion pairs is not rigid and the various 
conformations will change from one into another. Hence the 
hfsc and the other observables are ensemble averages over the 
different states of the ion pair. The intensity and spectral 
density of the interactions (due to the motion of the ions 
relative to each other) depend strongly on the ions, the sol-
vent and the temperature, thereby explaining the sensitivity 
of alkali metal hfsc and linewidth to these parameters. 
Sometimes one or more of the structural configurations 
are energetically favourable and one can talk about thermo-
dynamically stable species with defined structures. Although 
several types of such ion pairs have been proposed [9»36,l89, 
190] all can be classified in one of the two following groups: 
( i) the tight or contact ion pairs. The ions are not or are 
hardly separated by solvent molecules, hence their inter-
actions are strong resulting in large alkali hfsc's and 
for instance large shifts in the optical spectra of the 
anions. 
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(ii) the loose or solvent separated ion pairs. The distance 
between the ions is larger than it is in the first type 
of ion pairs, due to stronger solvation. The ions are 
partly or fully.separated by (a) solvent molecule(s), 
without dissociating apart. So the interactions are weak 
resulting in a zero or small alkali hfsc and little in-
fluence on the optical spectrum of the radical anion. 
Variation of the hfsc with temperature will be explained by 
a shift in the equilibrium between different types of ion 
pairs. The associated rate constants are large compared to the 
energy differences between the nuclear states of these ion 
pairs, otherwise separate spectra of the distinct species 
should be observed. In fact in ESR experiments one sometimes 
does observe distinct species. The model explaining the temper-
ature dependence of the hfsc by a shift in the equilibrium 
between two thermodynamically stable species is called the 
dynamic model. In all other cases one can talk only about an 
average configuration. The alkali hfsc changes with the tem-
perature by a continuous variation of the population of the 
different configurations. This is the so-called static model 
[ 189]. The vibrational model of Atherton and Weissman [33] may 
be regarded as an special case of the static model. The temper-
ature variation of the Na hfsc of the NaNl ion pair calcu-
lated by this model is of the same order of magnitude as mea-
sured in MTHF [38,67] . * 
It should be mentioned that the dynamic model almost never 
applies thoroughly, because the hfsc of one of the distinct 
species, the contact ion pair, is usually temperature dependent, 
which has to be explained by a static model. The thermodynamic 
parameters, obtained from the dynamic model for the equilibrium 
between contact and solvent separated ion pairs, are rather 
unreliable in such a case because they are very sensitive to the 
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actual value of the hfsc of the contact ion pair. But that 
hfsc can Ъе obtained only by extrapolation from high temper­
ature measurements, where the contact ion pair is the only 
stable species. 
Finally the names 'contact ion pair' and 'solvent sep­
arated ion pair' will be used solely to indicate the strength 
of the interactions and have nothing to do with the model 
chosen to describe the temperature behaviour of the ion pair. 
6.2.1 Influence of ion pairing on the relaxation of the alkali 
nucleus. 
The linewidth of dissociated cations will be determined mainly 
by quadrupolar relaxation. The field gradient results from the 
electrical dipoles of the solvent molecules in the solvation 
shell and from the overlap between the wave functions of the 
cation and the solvent molecules. 
The effect of the ion pair formation will be: 
( i) a change of the field gradient at the alkali nucleus and/ 
or a change in the rotational correlation time [ 152]. 
(ii) if the anion is a radical, then the Fermi contact and the 
anisotropic magnetic dipolar relaxation may give an addi­
tional contribution to the linewidth. 
The Fermi contact relaxation will be present only when the 
spindensity at the alkali nucleus is not zero; the anisotropic 
magnetic dipolar relaxation may contribute even for solvent 
separated ion pairs. For a rigid ion pair the relaxation formulae 
derived in chapter II will apply. However the configurâtional 
changes of the ion pair will modulate the interactions, the con-
tribution of this process to the nuclear magnetic relaxation of 
the alkali nuclei depends on the intensity and spectral density 
of the interactions. In first approximation the expressions of 
chapter II will be applied. 
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Fermi contact relaxation. 
The effect of the configurational changes of the ion pair on 
the Fermi contact relaxation will be discussed in more detail. 
The most general hamiltonian describing the Fermi contact re-
laxation is given by: 
3CFc(t) = A(t)Ï.S(t) - < A(t)Ï.S(t)> (6-1) 
The last term has been added to fulfil the condition 3C, (t)=0 
Fc 
necessary to apply Abragam's master equation in operator form. 
If spin exchange and the configurational changes of the ion 
pair are independent processes, one may average out separately 
the modulation of the hyperfine splitting constant (due to the 
ion pair dynamics) and the time dependence of the electron spin 
(due to the spin exchange process). This condition is only ap-
proximately fulfilled, for the effectiveness of the spin exchange 
process depends on the structure of the ion pair [ 173]. Also the 
Brownian rotational motion may depend on the ion pair structure. 
However, the relaxation formulae so derived will be used only 
for illustration in a qualitative discussion. 
Because only the z-component of the electron spin has a 
non-zero average one obtains: 
3^c(t) = A(t)Ï.S(t) - AIzSo (6-2) 
with 
A = < A(t) > and S = < S ( t ) > 
ο ζ 
Following the procedure of section 2.3.2 one can show that also 
for this haiLiltonian the relaxation times are defined by equa-
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tion 2-1*0. The lattice operators F ^ 0 4 t ) , F ( + 1 4 t ) and F^'^Ct) 
of equation 2-27 are defined Ъу: 
F ( 0 )(t) = A(t)S (t) - AS 
ζ о 
F ( + I )(t) = iA(t)S_(t) (6-3) 
F ^ U ) = iA(t)S
+
(t) 
Substitution of the lattice operators in equation 2-27 gives 
for the correlation functions go (τ) ела. gì (τ) the following 
result: 
go (τ) = < A' (t)A' (t+τ) > < S2(t)Sz(t+T) > 
+ A2 < (S (t)-S )(S (t+O-SJ > 
ζ ο ζ о 
(6-1*) 








where: A' (t) = A(t)-A. Assuming that the electron spin relaxa­
tion can he described by Bloch equations [51i57] (see also 
section 2.5) one derives from equation 6-U and 2-kO: 






l)(^{e(0iT 1 e) + ^(^H-gîïT^)} 
+ 1 S(S+1) <A' $У > {
β
(0;τ'1β) + β((ωΙ-ω8);τ'2β)} 
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In order to obtain 6-5 it has been assumed that: 
-MA, 
< A' (t)A' (t+τ) > = < A' (t)2 > e 1 (6-6) 
where τ. is the correlation time belonging to the configura-
tional changes of the ion pair. Furthermore: 
le le ι 2e 2e ι 
Now we will proceed with justifying equation 6-6 for the dynamic 
and static model. 
Dynamic model. The dynamic model can be described by the 
following equilibrium between a contact (C) and a solvent sep­





Me .Ar - Me /Ar" (6-7) 
where Me .Ar" represents a contact ion pair and Me 'Ar~ a 
solvent separated ion pair. The differential equations describing 
the conditional probabilities of this equilibrium are: 
—^ р(С,С,т) = -кір(С,С,т) + к,р(С,3,т) 
4- P(S,S,T) = к,р(8,С,т) - к»р(В,8,т) 
(б- ) 
р(С,С,т) + P(C,S,T) = 1 
P(S,C,T) + P(S,S,T) = 1 
For the definition of the conditional probability we refer to 
section 2.5. The solution of the set of linear differential 
equations (6-8) for the initial conditions p(C,C,0) and p(S,S,0) 
- ITI -

















( k l + k 2 ) M 
(6-9) 
P(S SC,T) =f c-f ce- ( k l + k î )l Tl 
p(B,S,t) = fs + fce-(kl+kî)M 
The correlation fvmction < A' (t)A' (t+τ) > for equilibrium 6-7 
is defined by: 














Substitution of the expressions for the conditional probabil­
ities (6-9) gives: 






)'е- ( к , + к' ^ ' (6-10) 
It is easy to show that < A' (t)2 > = Γ^Γ^Α-,-Α,,)* . Hence equa­
tion 6-5 with т"1=кі+кі describes the Fermi contact relaxation 
of the al kali nucleus in the case of the dynamic model. 
Static model. The time dependence of the hfsc may be caused 
by several mechanisms, among others vibrational motion of the 
cation in the force field of the anion, translational diffusion 
of solvent molecules in and out of the solvation shell. Detailed 
information concerning the modulation of the hfsc is not avail­
able and therefore the correlation function < A (t)A (t+τ) > 
can not be evaluated. However a single exponential decay is the 
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most reasonable guess for the correlation function of a quan­
tity modulated by a Markovian process. If η structural con­
figurations are possible, then < A (t)2 > is given by 
2i=ifiAi " (si=ifiAi)2 a n d < A { t ) > Ъ у Si=1fiAi· v h e r e fi i s 
the fraction of ion pairs in configuration i with a hfsc Α.. 
So the Fermi contact relaxation can be described for 
both models by the same formulae. However, because in the 
static model the various configurations do not correspond 
with thermodynamically stable species, the life times of these 
configurations will be short. Hence the correlation time τ. 
will be short (e.g. typical life times for rotational and 
vibrational states: 10~1а-10"14 s). The correlation times τ'
Η 
le 
and τ„ will be small compared to τ., and τ_ and the term in 2e r le 2e 
6-5 involving these correlation times can be neglected. So in 
practice for the static model the Fermi contact relaxation of 
the alkali nucleus will be described by the formulae given in 
chapter II, where the hfsc A represents the ensemble average 
Z.f.A.. 
I l l 
For the dynamic model one can distinguish three situations: 
τ. much shorter, τ. approximately equal and τ. much longer than 
the electron correlation time. In the first case 6-5 again re­
duces to the formulae of chapter II and the two models give 
identical results. Since the electron correlation times are 
smaller than 10"10 s in our experiments the life times of the 
different ion pairs for this situation are so small that one 
hardly can talk about thermodynamically stable structures. Hence 
the distinction between the two models becomes meaningless. In 
all other situations the complete formulae 6-5 have to be used. 
Summarizing our results for the prevailing experimental condi­
tions (ω>·ω
χ
, τ, =τ 0 =τ and шІт
І
>1 ) we have: 
S I i e 2 e e ь е 
i) static model and the dynamic model with τ.-^ τ . 
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ii) dynamic model with τ.«τ . 
i e 
^с^Ф'КК)^^·^ (6-12) 
iii) dynamic model with τ.^τ (τ »τ' ). 
* ι e e e 
m-l _ 1< A(t)2 > ,. . 
^.Fc " Ц Ρ те ( б- 1 3 ) 
The above formulae hold for S=i radicals. For equlibrium 6-7 
< A(t)2 > is given Ъу f Jl*+f A* and 6-13 can therefore be re­
written to: 
The observed linewidth is the weighted average of the linewidths 
of the two ion pairs, which would be measured when no rapid 
equilibrium between these ion pairs existed. Application of 6-13 
and 6-1k (derived with the aid of Abragam's relaxation theory) 
requires that τ"! is much larger than the difference between the 
Fermi contact shifts of the individual ion pairs. In the opposite 
case, τΤ
1
 much smaller than this difference, the two resonances 
with linewidths (T^' )_ and (T^' )„ and intensities proportional 
to f^  and f , respectively, will be observed separately. Equation 
6-5 has been derived under the condition that the ion pairing 
dynamics and the spin exchange process are uncorrelated, but equa­
tion 6-1 h will hold also in the case that the electron correlation 
times of the ion pairs differ, provided that τ. is much longer 
than both electron correlation times. Conclusion: For the static 
model and for the dynamic model in the limit of rapid motion the 
- 'ilk -
Fermi contact relaxation of the alkali nucleus can Ъе calcu­
lated from the measured alkali hfsc and from τ (obtained from 
e 
the proton spectrum of the radical anion). In all other cases 
an additional line broadening equal to ¿h"' {< A(t)2 > - Α2}τ' 
e 
is present. 
If the solvent separated ion pair has a zero hfsc, then 
the linewidth predicted by the dynamic model with τ.>τ will 
be proportional to AA [ 22] . If the Fermi contact relaxation 
is the dominating relaxation mechanism, one may distinguish 
between the static and the dynamic model by investigating the 
temperature dependence of the alkali hfsc and of the linewidth. 
For the static model the linewidth will be proportional to 
Α
2
η/Τ and for the dynamic model to AA η/Τ, provided that τ.>τ ;ly Α_ will be temperature 
independent and hence the linewidth will be proportional to A. 
If the dynamic model applies complete
Anisotropic magnetic dipolar and quadrupolar relaxation. 
The effect of the ion pairing on the anisotropic magnetic di­
polar and the quadrupolar relaxation can be described with 
formulae analogous to 6-5. For example the expression for T^1^· 
can be derived, starting with equation 2-1+3 by calculating the 
correlation function of the anisotropic magnetic dipolar inter­
action modulated by the internal motion of the ion pair. Defining 
an averaged tensor (T ) and a residue tensor (T1 ) by: 
T*Y=<T..(t)> and f. .(t) = T..(t) - Т*У (6-15) 
1J ij ij 1J 1J 
one can derive: 
< T..
 Ί
· ( t ) T ( t + τ ) > = T ^ . r T a v + < Tir
 Ί
, ( t ) ! ' ( t+τ) > k l mn к 1 mn k l mn 
(6-16) 
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Analogously to equation 6-6 one can derive: 
-|t|/τ. 
< Tí. . (t)T' (t+τ) > = < Τ?..
 л
. U)fAt) > e 
к 1 шп к 1 mn 
(6-17) 
After substitution of 6-1 б and 6-17 into 2-h3 and carrying out 
the derivation outlined in section 2.3.2 one obtains for iso­
tropic Brownian rotational motion under the same conditions 








 =4·Σ. .(Т?Г)2 and Β*2 = Ι ς . .<f..(t)2> 
av 6 i,j ij 6 i,j ij 
T
'ld -*-A + -<i and Yd-^d^r 










2,Q 10 l h ; Tr 10 Kh ' Tr V D ^' 
with τ' ~, =τ"1 +τ", ; С and С* are defined Ъу analogy with В 
r r ι av av 
and В* by expressions similar to equation 2-57· Analogously to 
the Fermi contact relaxation we can distinguish for the aniso­
tropic magnetic dipolar and/or the quadrupolar relaxation three 
ceses depending on the magnitude of τ. with respect to τ, 
and/or τ . This will not be discussed further. 
r 
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6.2.2 Effect of electron transfer. 
In partly reduced solutions containing the monoanion and the 
parent hydrocarbon or the monoanion and its dianion electron 
transfer reactions may affect the KMR spectrum. Introduction 
of a large excess of neutral hydrocarbon in a solution of 
aromatic radical anions wipes out all the ESR hyperfine struc­
ture except the alkali hyperfine splitting [31,189,191]; there­
fore electron transfer is always associated with cation transfer 
in these solutions. Because cation transfer is a relatively slow 
process, the electron transfer involving ion pairs is slow com­
pared to the electron transfer involving free ions [ 160,192,193] . 
Hence the correlation time characterizing the modulation of the 
Fermi contact interaction by electron transfer usually will be 
considerably larger than τ . 
(i) Solutions containing neutral hydrocarbons. 
Because the degree of dissociation of the alkali metal aromatic 
hydrocarbon ion pairs in concentrated solutions is negligible, 
the cation will be always associated to the anion and thus the 
Fermi contact shift of the alkali resonance will be independent 
of the degree of reduction. In the collision complex of the ion 
pair and the neutral hydrocarbon the spindensity on the metal 
may differ strongly from the spindensity at the metal nucleus 
in the ion pair. The modulation of the hfsc by the electron 
transfer reaction: 
Me Ar~ + Ar ^ ^ [Ar· •••Me ••••Ar]~ —• Ar + Me Ar 
(6-20) 
may give an additional contribution to the alkali linewidth, 
depending on the life-time of the transition state. Of course 
when a considerable fraction of cations is present in the col­
lision complex, the measured alkali hfsc may be affected too 
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[ 191,19^ 1 . Because the knowledge concerning the collision 
complex is very scarce, the effect of the electron transfer 
on the alkali linewidth will not Ъе taken into account. More­
over the fraction of neutral hydrocarbons is usually small in 
our experiments, which will strongly reduce any possible effect. 
So equation 6-5 will Ъе applied to partly reduced solutions too. 
Similar arguments hold for the effect of the electron transfer 
reaction on the other relaxation mechanisms. 
(ii) Solutions containing diamagnetic dianions. 
The hfsc of the cations associated with the dianions is zero. 
Hence the Fermi contact shift will he proportional to the frac­
tion of monoanions (assuming rapid equilibria between the various 
species). The electron transfer reaction: 
Me+Ar~ + Me+Ar2 "Me"*" - •> Me+Ar2 "Me+ + Ar"Me+ (6-21) 
will modulate the Fermi contact interaction, even if the effect 
of the transition state can be neglected. The transfer of the 
cation from a paramagnetic to a diamagnetic site will modulate 
the Fermi contact interaction of the alkali nucleus in a way 
completely equivalent to the modulation of the Fermi contact 
interaction of the nuclei in a radical anion by electron transfer 
between that anion and its corresponding neutral molecule. Hence, 
apart from the effects of ion pair equilibria, the formulae k-'ik 
will describe the effect of electron transfer between paramag­
netic mono- and diamagnetic dianions on the different relaxation 
mechanisms. 
If also ion pair equilibria occur, then the Fermi contact 
relaxation neglecting the non-secular terms in the hamiltonian 
is given by: 








 and τ"1 = τΙ1 + τ"1 
a a i a Ρ e 
The ensemble averages A and < A' (t)2 > have to Ъе calculated 
in the sub-ensemble consisting of the ion pairs of the mono-
anions and their counter ions only. 
Briefly we will discuss the behaviour of the linewidth 
(described by equation 6-22) with increasing reduction to 
dianions, keeping for simplicity reasons τ. constant. For a 
solution containing mainly monoanions (f**"!) τ- will be much 
larger than τ , so τ ^ τ . Upon reduction to dianions f- de­
creases and τ increases, according to the Pake-Tuttle rela­
tion, proportional to C"1 or f^,1 . Hence one expects that the 
linewidth will be independent of the degree of reduction. In 
concentrated solutions τ may increase more rapidly with de­
creasing radical concentration than predicted by the Pake-
Tuttle relation (see section 't.3.3 and k.k,3); then the line-
width will increase with decreasing fraction of paramagnetic 
species. For small f_ where the condition τ^τ will not be 
* Ρ P e 
fulfilled any longer, the opposite relation will become true. 
So τ will be determined by τ
ρ
, which is small and nearly con-
EL X 
stant for solutions containing an excess of diamagnetic dianions. 
Hence the linewidth will tend to zero proportional to fp. 
If τ. is larger than τ for a solution containing mainly 
monoanions, then the relative order of these correlation times 
may change upon reduction, because τ steadily increases with 
Or 
increasing degree of reduction. This will be accompanied by a 
sudden decrease of the relative contribution of the second term 
of equation 6-22 to the linewidth. 
The effect of the electron transfer process on the other 
relaxation mechanisms can be described by equation U-1U in 
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absence of ion pair equilibria. The effect of the latter can 
he accounted for in the same way as has been indicated for 
the Fermi contact interaction. 
6.2.3 Linewidth analysis. 
Because the effects of ion pair dynamics and electron transfer 
have been observed only sporadically, the qualitative and quan­
titative analysis of the alkali linewidths will be performed 
with the aid of the formulae of section 2.3.1* unless clear in­
dications exist against this approach. The quantitative analysis 
of the alkali linewidth is based on the assumption that the cor­
relation times τ and τ measured for the anion are characteris-
e r 
tic for the whole ion pair and thus also hold for the cation. 
The contributions of the Fermi contact, the anisotropic 
magnetic dipolar and the quadrupolar relaxation to the linewidth 
can be separated in the following way. The Fermi contact relaxa­
tion can be calculated from the experimental alkali hfsc and 
from the electron correlation time (obtained from proton reso­
nance experiments) using equation 2-5k. The contribution of the 
magnetic and quadrupolar relaxation mechanisms to the linewidth 
can not be separated unless two different isotopes of the alkali 
cation are present in the same solution in concentrations high 
enough to allow the detection of both NMR resonances. This can 
be realized for Li and Rb only. For the other cations qualita­
tive arguments have been used to estimate the relative contribu­
tion of the magnetic and quadrupolar relaxation to the linewidth. 
From equation 2-32 and the formulae of section 2.3.^ one derives 
for the linewidths of two isotopes A and В in the same solution: 
r¿" c4Í + 0» f ( lA , ( eV 
(6-23) 
T-2«B = clYîB + cif(lB)(eQB)1 
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The magnetic and quadrupolar relaxation can be separated by 
solving equation 6-23 for ci and C2 using the experimental 
linewidths T"1 and T^' . From ci and Ci the magnetic asià quadru-
polar relaxation of both isotopes can be calculated. The method 
requires the accurate knowledge of γ /γ [ 195] and Q./Q- [196, 
Au A tí 
1971. 
6.2.k Structural information from the alkali NMR spectra. 
The alkali hfsc is very sensitive to the position of the alkali 
nucleus with respect to the anion. The spindensity in the valence 
ns orbital of the cation can be estimated from the measured hfsc 
and A(ns), the hfsc of the alkali metal atom in the gas phase 
[38]. 
Recently theoretical investigations [38,68,198] were per-
formed to estimate the spindensity at the alkali nucleus in the 
naphthalenide ion pairs as a function of its position with re-
spect to the anion. These investigations do give useful informa-
tion to obtain structural information from the experimental hfsc. 
Theoretical calculations showed that for the naphthalenide ion 
pairs [68,199] the minima of the potential energy of the electro-
static interaction between the cation and the anion occur when 
the cation is situated above the centers of the benzene rings, 
provided that the distance between the cation and the aromatic 
plane is 3 A or less. For larger distances there is a single 
minimum above the center of the naphthalene anion. Thus small 
but strongly solvated cations and large cations will probably 
be located above the center of the naphthalene anion, and small 
cations above the center of one of the benzene rings. Because 
in the latter case the energy barrier between the two minima is 
low, the cation jumps rapidly between both positions. 
To obtain structural information from the anisotropic mag-
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ЗА 
Figure 25. Contour curves of В /hï« (in 0rsted) at 2A and ЗА distance from 




Figure 25a. Contour curves of Β /^Ύ„ (in 0rsted) at UA and 5A distance 
from the molecular plane of the naphthalenide anion. 
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•η 
netic dipolar relaxation the parameter (r-)2 has been calcu­
lated at the intersection points of a three dimensional grid 
constructed in the space around the anion. The parameter B/^ Y», 
(in 0rsted) will be presented, because this quantity depends 
exclusively on the spindensity distribution in the ion pair 
and on the relative position of the cation and the anion, but 
not on the magnetic properties of the alkali nucleus. The di­
polar interaction tensor has been calculated using 2-73. The 
three center integrals involving only carbon 2p -AO's were 
taken into account, they did decrease the values calculated 
for B/hy approximately by 20%. Maps of the value of В Л1"^ 
in planes parallel to the molecular plane of the naphthalenide 
anion, at several heights, are presented in figure 25. In figure 
26 the variation of B. /hv-T with the distance between the cation 
Ar N 
and the aromatic plane of the naphthalenide anion has been given 
for some special positions of the cation. These figures show that 
in a plane parallel to the aromatic plane at distances larger 
than 3 A, the value of В Л1"^ is hardly sensitive to the position 
of the cation in this plane (as long as the cation stays above 
the anion). Therefore the distance of the cation to the molecular 
plane of the naphthalenide anion will be determined uniquely by 
the experimental B. value. For smaller distances (or larger B. 
values) the position of the cation above the center of one of 
the benzene rings is favoured [68,199]· Because B. above the 
center of the benzene rings (plot A of figure 26) increases con­
tinuously with decreasing distance to the aromatic plane, one 
always can establish the distance between the cation and the 
molecular plane of the naphthalenide anion from the experimental 
B. value. 
Ar 
So far the effect of the spindensity in the metal np-orbitals 
on the anisotropic magnetic dipolar interaction has been ignored. 
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Figure 26. Β Α'Ύ,τ a s a function of the distance to the molecular plane of 
the naphthalenide anion. A: above the center of a benzene ring. B: above 
the center of the anion. C: above а С -atom, e.g. Cj. D: above а С -atom, 
ρ Œ 
e.g. Ci . 
one can calculate B(np), the B-value due to one full unpaired 
electron in a np-orbital of the metal [20]. The results are 
gathered in table hü. B(np) proved to be much larger than B. . 
However, Bw will be much smaller than B(np) due to the small 
Me 
value of ρ . No direct evidence for the magnitude of Ρ
ηυ
. is 
available, but |p | is always smaller than 5X10~3 for the 
naphthalenide ion pairs [ 68]. Thus a reasonable upper limit for 
p
n p - will be 10"
2
. It should be remembered that the actual value 
of B
w
 will be even smaller than O.OIXB(np) due to the compen-
Me 
sating effects of the spindensity in the three np-orbitals. 
Comparison of the data of figures 25 and 26, and table 1+0 in­
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Table 1*0. Survey of the parameters determining the magnetic and the quadrupolar relaxation of the alkali nuclei. The 
parameters were obtained from the folloving references: r M «1200] ; γΤΙ/2π [ 195] ; the quadrupole moments of Li I I96] , 
Na 1201] , К 1202,203] , Rb I 197,201*,205] and Cs I 206] ; A(ns) [38] ; B(np) of Li I 207] , Na [201] , К [202] , Rb [201*,205] , 
for Cs the value was estimated by extrapolation from the other metals; qcc(np) of Li I 207] , Na [201] , К [202] , Rb [205] 
and Cs [206] ; qcc(lattice) of Li, Na and К [ 79] , for Rb and Cs estimated values were used; γ^ [208] . 
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important going from Li to Cs. For Cs p™, has to Ъе much smaller 
than 10"э before B^ becomes negligible. 
In principal the electric field gradient at the alkali nu­
cleus due to the anion can be calculated by the same method as 
has been used for the calculation of the T-tensor. However the 
solvent molecules in the ion pair may contribute considerably 
to the electric field gradient. In table kO the qcc due to one 
electron in a np-orbital of an alkali atom, qcc(np), has been 
listed together with the qcc's measured on a number of ionic 
alkali metal compounds, qcc(lattice). Because an isolated alka­
li cation has a zero field gradient, the latter qcc's provide 
good estimates for the contribution of the lattice to the qua-
drupolar interaction of the different alkali nuclei. The lattice 
contribution to the electric field gradient at the alkali nu­
cleus, V (lattice), can be calculated from qcc(lattice) using: 
zz 
eQV (lattice) 
qcc(lattice) = ^ _ . ( Ι-γ.,) (6-21+) 
where γ is the Sternheimer shielding parameter [79,208] , in­
troduced to correct for the polarizing influence of the charges 
outside the metal ion on the electrons in the metal orbitals. 
For 7Li, 1 3Na and 3 9 K V (lattice) falls into the range 
(О.З-^.СОХІО13 esu/cm3. The values of qcc(lattice) for i 5Rb, 
*''Rb and 1 3 3Cs were calculated from these limits assuming that 
V (lattice) will remain rather independent of the alkali metal 
Ζ ζ 
investigated. Comparison of qcc(np) with qcc(lattice) shows that 
the contribution to the electric field gradient of a small elec­
tron density (< 0.01) in the metal np-orbitals will be negligible 
for all alkali cations. 
The mathematics involving the calculation of the vaüues of 
the V-tensor at the position of the alkali nucleus due to the 
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radical anion is equivalent to the calculation of the T-tensor 
components: а В A Y N value of 1000 0rsted corresponds vith a 
field gradient of * I.OXlO13 e.s.u./cm3. Inspection of figures 
25 and 26 shows that O.5XIO13 e.s.u./cm3 is a reasonable upper 
limit for the electric field gradient at the alkali nucleus due 
to the additional electron of the hydrocarbon anion. So the con­
tribution of the anion to qcc(lattice) is certainly not domina­
ting. In order to calculate qcc(lattice) detailed knowledge of 
the ion pair structure including the positions of the solvent 
molecules is necessary. Therefore the measured alkali qcc's will 
be discussed only qualitatively, because detailed structural 
information can not be derived from the experimental V-tensor 
due to the complexity of the problem. 
6.3 Results. 
The alkali resonances of the alkali naphthalenide ion pairs in 
DME have been studied systematically as a function of the tem­
perature; the data will be presented in section 6.3.1. Some 
miscellaneous results on ion pairs of anthracene and 1,3,5-
triphenylbenzene will be presented in section 6.3.2. 
6.3.1 Alkali naphthalenide ion pairs. 
6.3.1.1 Hyperfine splitting constants. 
The alkali hfsc's were measured as a function of the temperature 
on 1.0 M solutions of the alkali naphthalenides in DME, except 
for the KN1 solution where 1.8 M was used to improve the signal 
to noise ratio and for the CsNl solution which was 0.5 M . 
*) The concentration of 1.0 M quoted in reference [ 2k] is 
erroneous. 
- 188 -
Both KNl and CsNl were also studied at room temperature in a 
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Figure 27. Temperature dependence of the alkali metal hfsc's observed for the 
alkali naphthalenide ion pairs in THF and DUE. The solid lines ( ) refer 
to NMR data, the dotted lines ( ) to ESR results. 
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Figure 28. Li and К И Ш hfsc's, measured on solutions of LiNl and KN1 in 
DME, versus the temperature, χ = a 7 T.,
 0





 •/y t,•). 
Li Li Li Li 
1 * ) 
O.U5 M solution in THF . A few remarks should Ъе made on 
some of the systems. Precipitation occurs in the solutions of 
LiNl, NaNl and KNl in DME at temperatures lower than 0°, -10° 
and - W c , respectively, and in Na-Nl-THF helow -20°С. Below 
these temperatures poor signal to noise ratio frequently pre­
vented the ohservation of the alkali resonances, trnt sometimes 
the a]kali hfsc's could be measured at lower temperatures on 
more diluted solutions. 
The hfsc were obtained from the Fermi contact shift after 
applying the corrections discussed in chapter III. The experi­
mental alkali NMR hfsc's are plotted as a function of the tem­
perature in the figures 27 and 28. The ESR data shown in figure 
27 are taken from the work of Dodson and Reddoch I 35] , Hirota [ 36] 
*) The concentration of 1.0 M quoted in reference [ 2I4] is 
erroneous. 
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and Danner [ 173]. The hfsc of 3 9K in a 1.0 M solution of KN1 
in DME at room temperature was in agreement with the results 
of the 1.8 M solution. The 1 3 3Cs hfsc in a 1.0 M solution 
amounted to -1.U3 0rsted indicating a small concentration 
effect on the aliali hfsc of the CsNl ion pair in DME. 
6.3.1.2 Alkali linewidths. 
The linewidths observed for the completely reduced solutions 
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Figure 29. Alkali metal linewidths (TI1 ) of the alkali naphthalenide ion 
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Figure 30. Alkali metal linewidths (TI 1) of the a lka l i naphthalenide ion 
pairs versus n
o
/T. O = " ^ ' » L ^ Í Y ' L J / Y »Li^ * 
plotted as a function of η /Τ in figures 29 and 30. The use 
of η instead of the solution viscosity has been justified in 
section 3.^.3. The complete loss of the proportionality of 
TL1 and η /Τ for the Li and Na linewidths can not he explained 
Ъу the different hehaviour of η and n with variation of the 
temperature. 
For a more quantitative analysis, the alkali resonances 
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studied more accurately in 1.0 M solutions of the alkali 
naphthalenide ion pairs in DME. The Fermi contact relaxation 
of the alkali nuclei has been estimated using the electron 
correlation times derived from the proton resonances of the 
anion and the alkali hfsc's from the alkali HMR spectra. The 


























































10 - 50 
10 - 1*5 
10 - uo 
10 - 50 
10 - 35 
5 - 30 
K-N1-DME 30 3'K O.OI6 800±60 62±6 10 - 50 
Rtj-Nl-DME 30 " 5Rb -0.175 70001200 U7±7 1 0 - 5 0 
*'Rb -0.527 87O0±UOO 
Cs-Nl-DME 30 1 3 3 C s -1.1*3 10500±500 52±U 1 0 - 5 0 
Table И . Survey of hfsc's, linewidths and correlation times of 1.0 M naphtha­
lenide ion pair solutions, which are used in a semi-quantitative analysis of 
the alkali linewidths. The accuracy of the hfsc's is 3% and of the linewidths 
10? unless stated otherwise. ' ) Concentration 0.1*5 M. The Ή spectrum has not 
been measured, τ has been taken equal to the τ measured on a 0.1*5 M solution 
e e 
of NaNl-d« in DME/THF-d* (see figure 13). 
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The electron correlation time of the LiNl solution could he 
detennined only at 50° С due to the overlap of the resonance 
of the H2 proton with the signals of the DME protons; τ at 
30° and k00С has been calculated assuming that the correlation 
time is proportional to η /T. For Naïïl in DME at 60°С τ has 
o e 
been estimated from the value measured at 30°С in a similar 
way. The range quoted for τ is based on the following con­
siderations. Neither the proton nor the deuterium NMR spectra 
of the anion give information about τ in a 1.0 M naphthalenide 
solution. For a 2.25 M solution of NaNl in DME the information 
concerning τ has been summarized in table 36. The most reliable 
r 
rotational correlation time has been obtained from the quadrupo-
lar relaxation of the 2Ώ nuclei: τ- =(90+30)X10"12 s at 300C. 
The Debije-Einstein theory provides an upper limit for τ : 
26θΧ10",ΐ s, the quadrupolar relaxation a lower limit: 60X10"12 s. 
Taking into account the difference in viscosity between a 1.0 M 
and a 2.25 M solution (see section 3.h.2) one calculates as lower 
and upper limit for τ of NaNl in a 1.0 M solution in DME at 
300C 10X10"12 s and ЗОХІО"1* s, respectively. The rotational 
correlation times for the other ion pairs have been estimated 
using the sodium naphthalenide data, assuming that the change 
in counter ion will hardly affect τ . The molecular volume of 
the ion pair should increase going from Li to Cs due to the 
larger size of the Cs cation. However, the degree of solvation 
will decrease strongly with increasing cationic radius. Both 
effects counteract each other, so the net effect of the varia­
tion of the cation on the molecular volume of the ion pair and 
thus its effect on τ and on the solution viscosity will be small. 
r 
The change of τ with the temperature has been taken proportional 
to η /T. The range allowed for the dipolar correlation time can 
be calculated from table 1+1 using equation 2-38. 
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Figure 31. 1 3Να linewidth of NaNl in 
DUE at 30° С ав a function of the rad­
ical concentration. ·: versus the 
reciprocal of the concentration in 
M"1. o; versus n/C in cp/M. 
Figure 32. 2 3Na linewidth as a function 
of the temperature for a 0.3 M and a 
1.0 M solution of NaNl in DME. 
The Na-Nl-DME system has Ъееп studied in more detail. In 
figure 31 the concentration dependence of the 1 3Na linewidth 
at room temperature is presented, the sodium linewidth is 
roughly proportional to 1/C. At low temperatures the linewidth 
seems to become concentration independent (see figure 32). The 
2 3Na hfsc proved to be concentration independent at any temper­
ature. Finally, the linewidth data of the sodium sample at ele­
vated temperatures (above 70°С) may be too large due to decom­
position of the NaNl ion pair: after measurements at 100°С the 
, 3Na resonance at room temperature was measured again. It ap­
peared that the linewidth had increased and the integrated 
intensity decreased. The hfsc was hardly affected by the decom­
position. 
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6.3.2 Ion pairs of anthracene and 1,3,5-triphenylbenzene. 
Li-A-THF. A 1.0 M solution of LiA in THF has been studied from 
-90° up to +1*0° С The overlapping resonance of a decomposition 
product renders the determination of the linewidth impossible. 
The 'Li hfsc decreased with decreasing temperature: at ho"С 
approximately 20 m0 was measured, below -30°С the hfsc was zero. 
Na-A-THF. The 2îNa hfsc was obtained on a sample containing 
0.92 M A" and 0.08 M A2-. The hfsc's presented in figure 33 
have been corrected for the presence of this small fraction of 
dianions. The 23Na linewidths measured on this sample are shown 
in figure 3І+ together with the linewidths observed on solutions 
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Figure 33. Alkali metal hfsc versus the temperature. •: J 3Na NMR hfsc of 
Na-A-THF. °: î3Na ESR hfsc of Na-A-THF, taken from reference I 25] . 







-ВО -60 -LO -ZO 0 20 LO 60 
VC 
Figure З1·. a 3Na linewidths measured on four samples of Na-A-THF containing 
different fractions of mono- and dianions. For a description of the samples 
see the text. 
spectra were obtained during an attempt to prepare a solution 
containing solely dianions. The stage of reduction expressed 
in f.- was 92% for solution I, smaller than ^0%, 5% and "1% for 
the solutions II, III and IV, respectively. The degree of re­
duction for solution I is based on a chemical analysis, for II 
on the measured contact shift, for III and IV on an estimated 
value. In solution IV the proton resonances of the dianion [ 125] 
could Ъе observed after concentrating the sample untili the 
solution was saturated (« 2 M). This observation justifies the 
estimated value of f.- for solution IV. The total concentration 
of anthracene in the solutions II, III and IV was 0.7 M. 
* ; : 
¿ / ' ^ ' 
_l I L 
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Na-Tpb-DME/THF-de. The 2 3Na hfsc is less than 10 m0 at room 
temperature; the linewidth of a 1.0 M and a 1.2 M solution was 
960 rd/s and I25O rd/s at room temperature. 
Rb-Tpb-DME. The e 7Rb resonance has been studied on a 0.9 M solu­
tion of RbTpb in DME between -10°С and 70°С ; below -10°С precipi­
tation occurred. The hfsc's and linewidths measured on this sample 
are depicted in the figures 33 and 35. The electron correlation 
time derived from proton resonance amounted to be бОХіО - 1 2 s. 
γ »105,рЛ 
Figure 35· "Rb linewidth of α 0.9 M solution of RbTpb in DME as a function 
of the temperature. 
6.k Discussion. 
The results of section 6.3 will not be discussed in the same order 
as they were presented. First the hfsc's of all systems investi­
gated will be discussed in section 6.1*.1, then the linewidth data 
of all systems in section 6.U.2. 
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6.1*.1 Hyperfine splitting constants and spindensities. 
6.U.1.1 Naphthalenide ion pairs. 
From the alkali hfsc's the spindensities in the ns-AO of the 
alkali cations have been calculated (see table 1+2). The results 
demonstrate that one can use with rather good confidence the 
metal P N ρ at 30 С 
Li ( 0.0 - 0.7)Х10"Э 0.05X10-3 
Na ( 0 . 0 - 2.1t)X10"3 0.6 X10"3 
К (-0.1 - 0.5)X10"3 0.2 X10"3 
Rb (-0.5 - -0.3)X10-3 -0.lt ΧΙΟ"3 
Cs (-1.Θ - -ι.5)χιο-3 (-1.Θ - -1.6)X10-3 ; 
Table 1*2. The variation of the spindensity in the metal ns-orbital 
with the counter ion for the alkali naphthalenide ion pairs in DUE. 
In the second column the values of ρ are given corresponding to 
the limits of the investigated temperature range. ' ) In THF at 30°С 
ρ is 2.W10" 3. ') Dependent on the radical concentration. 
arguments of Dodson and Reddoch [ 351 and Hirota [ 36] for the 
prediction of the sign of the alkali spindensity. The spin-
density decreases continuously going from Na to Cs, only Li 
is an exception due to the strong solvation of this small 
cation. Recently the observed trend has been explained theo­
retically by Canters et al. [ 38] who pointed out that the zero 
order contribution to the spindensity at the metal decreases 
more rapidly with increasing distance between the ions than 
the first order contribution (see section 2.U.I.2). Because 
po is always positive and pi is usually negative, the spin-
density will become more negative with increasing distance. 
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Because a larger cation will be at a greater distance due to 
its smaller coulombic interaction, the spindensity tends to 
become negative going from Li to Cs. The usually positive 
temperature gradient of the alkali metal hfsc can Ъе explained 
Ъу the decreasing distance between the ions due to the decrea­
sing solvation of the cation at elevated temperature. The rather 
general arguments of Canters et al. [ 3θ] apply to almost any 
radical ion pair. For the naphthalenide ion pairs a second mech­
anism exists. With increasing distance from the aromatic plane 
the mini тлит of the coulombic potential energy of the cation will 
move from the position above the center of the benzene rings to 
above the center of the naphthalenide anion [ 199]· Above the 
center of the anion the alkali nucleus will be in the nodal plane 
of the first antibonding π-ΜΟ, hence the zero order spindensity 
will be zero for any distance between the cation and the aromatic 
plane. Because the first order spindensity is negative, the al­
kali hfsc tends to become negative with increasing cationic ra­
dius. The lack of a nodal plane in the electronic wave function 
at the position of minimum coulombic energy for the cation in 
anthracenide ion pairs [68] may explain the larger (more positive) 
Rb and Cs hfsc's measured for these ion pairs [25] in comparison 
to the alkali hfsc's of the corresponding naphthalenide ion pairs. 
Now we will shortly discuss the different samples. The agree­
ment between the absolute values of the NMR and ESR hfsc's is 
satisfactory in view of the large concentration differences nec­
essary to apply both techniques and the sensitivity of the alkali 
hfsc for environmental effects. 
The ratio of the 'Li and 7Li hfsc is equal to the ratio of 
the gyromagnetic ratios of the two isotopes within the experi­
mental error (see figure 28). The increase of the Li hfsc with 
temperature indicates a structural change from a solvent sepa-
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rated ion pair into 'a contact ion pair with increasing temper­
ature. A theoretical estimate of the spindensity at the Li 
nucleus [68] suggests that the Li cation is at 3.8 A from the 
aromatic plane at 70°С and at larger distances at lower tem­
peratures. Because Goldberg et al. [68] did not take into ac­
count the first order contrihution to the spindensity, which 
is usually negative, the actual distance may Ъе smaller. The 
neglect of pi may explain the disagreement between the calcu­
lations of Pedersen [ I98] and the results of Goldberg (extra­
polated to the same distances as used in the calculation of 
Pedersen). In view of the positive value of the experimental 
hfsc, the position of the Li cation above the center of one 
of the benzene rings is the most likely one [ I98]. 
The strong increase of the Na hfsc of the NaNl ion pair 
in DME proves that solvent separated ion pairs existing at lower 
temperatures change into contact ion pairs at high temperatures. 
In THF, which is less solvating than DME [6,96,132], the Na hfsc 
is much larger and varies only slightly with the temperature in­
dicating the presence of contact ion pairs over the entire in­
vestigated temperature range. From theoretical calculations of 
the spindensity at the alkali nucleus one estimated that the 
distance between the sodium nucleus and the aromatic plane in 
the contact ion pair is 3.2 A [ 38] ; neglecting the first order 
spindensity one estimates 3.5 A [ 68]. Hence the sodium cation 
will probably be above the benzene rings and not above the center 
of the anion. 
The sign reversal observed for the К hfsc can be rationalized 
by assuming the existence of contact ion pairs over the entire 
temperature range studied. For solvent separated ion pairs one 
should not expect a sign reversal of the spindensity at the al­
kali nucleus. 
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From the temperature dependence of the Kb hfsc one may 
conclude that RhNl forms contact ion pairs at high temperatures 
(above -20°C). The negative sign of the Kb hfsc proves that 
Goldberg's calculations are not refined enough. 
The almost constant Cs hfsc is typical for contact ion 
pairs, where the structural configuration is hardly altered 
with changing temperature. The disagreement between the HMR 
and the ESR results and the negative temperature gradient of 
the NMR hfsc may be due to cluster formation. Additional evi-
dence for cluster formation is the concentration dependence 
of the Cs hfsc (the hfsc becomes more negative with increasing 
radical concentration). The Cs hfsc reported by Takeshita and 
Hirota [25,209] indicates that they studied a still higher con-
centration of radical ion pairs. 
From the alkali NMR measurements it is clear that the ten-
dency to form contact ion pairs increases with increasing radius 
of the alkali ion due to the decreasing solvation of the cations. 
In general the NMR results of Takeshita and Hirota [25,209] agree 
rather well with our results. 
6.k,1.2 Other ion pairs. 
The behaviour of Li and Na anthracenide ion pairs in THF is rather 
similar to the behaviour of the corresponding naphthalenide ion 
pairs in DME. The increase of the Na hfsc starts at about the 
same temperature as for the Na-Nl-DME sample but is much more 
pronounced for the anthracenide ion pair. The agreement between 
the NMR hfsc and the ESR result [ 25] is again satisfactory. The 
smaller NMR hfsc reported by Takeshita and Hirota [ 25] may be due 
to concentration effects on the hfsc or more likely to the pres-
ence of dianions in their sample. From the 2îNa linewidths some 
evidence has been obtained (see section 6Д.2.2) in favour of 
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the existence of an ion pair equililDrium which can be described 
by the dynamic model. No attempt has been made to determine 
from the 2 3Na hfsc's the thermodynamic parameters of this equi­
librium. 
The HaTpb ion pair in DME is obviously a solvent separated 
ion pair: a^ < 1Om0, a hfsc too small to be detectable by ESR. 
The RbTpb ion pair in DME is of the contact type. The negative 
hfsc is in agreement with the model outlined by Canters et al. 
[ 38] . Below room temperature some evidence exists that the ion 
pair may start to become solvent separated. 
6.It.2 Alkali linewidth and ion pair structure. 
6.Ц.2.1 Naphthalenide ion pairs. 
The quantitative linewidth analysis will be performed as out­
lined in the sections 6.2.3 and 6.2.1*. 
Before discussing the individual samples, the trend in τ 
of the different solutions all containing 1.0 M of N1 anion 
radicals but with different counter ions, should be noticed. 
Going from a solvent separated LiNl to a contact CsNl ion pair 
τ decreases gradually. Since the distance of closest approach 
between the anions of two radical ion pairs is smaller for con­
tact ion pairs than for solvent separated ion pairs, the exchange 
interaction of the unpaired electrons in the contact ion pairs 
is larger than in the solvent separated ion pairs. This observa­
tion is in agreement with the discussion of section U.U.3.1. 
Li-Nl-DME. 





 · )2» than that of 7Li. The quadrupolar re­
laxation of 6Li will be approximately thousand times smaller 
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than that of 7Li (see table UO). The coincidence of the plots of 
T ^ 1 ^ and of (γ
 7 L Ì / Y ь
 ь і
) 2 Tz16 L i versus no/T (see figure 30) 
proves that the contribution of the quadrupolar interaction 
to the relaxation of the Li nuclei will be negligible. The 
slightly larger value of the scaled ' Li linewidth may be caused 
by the inhomogeneity of the magnetic field (the experimental 
determination of the inhomogeneity broadening, using the line-
width of the reference sample, is rather inaccurate). 
The ' Li and 7 Li linewidths are completely determined by 
magnetic relaxation. The Fermi contact relaxation can be calcu­
lated using the hfsc's and τ 's of table Ul. The data obtained 
e 
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' . * ' 
picosecond 
1 0 - 8 5 
10 - 75 
1 0 - 6 5 
d i s t a n c e 
A 
2.5 - 1».5 
2.3 - І4.1 
1.9 - 3.U 
Table 1*3. Survey of the contributions of the magnetic interactions to the 'Li 
relaxation, and the inte 
corresponds with τ,=τ . 
terionic distance derived from Tl' . . *) The upper limit 
2,Dip 
The Fermi contact relaxation of the Li nuclei turned out to be 
negligible. From the anisotropic magnetic dipolar relaxation 
the distance between the Li nucleus and the aromatic plane has 
been calculated, assuming that one may set the experimental 
B-value equal to B. . This assumption is justified, because 
Bj^  will be negligible when ρ is of the same order as ρ 
(compare В belonging to the quoted distances with K, calcu­
lated from equation 2-7^). For distances smaller than 3.0 A it 
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has been assumed that the Li cation is situated above the 
benzene rings; for larger distances the theoretical value 
of В is hardly sensitive to the horizontal position of the 
cation (see figures 25 and 26). 
The estimated distances are smaller than the ones derived 
from the hfsc's using the theoretical calculations of Goldberg 
et al. [68] ; from the hfsc's interionic distances larger than 
h.k A were obtained for all three temperatures. Crystallographic 
results for aromatic carbanions with Li as counter ion indi­
cate that a distance of 2.0 - 2.5 A may be quite reasonable [1б9]. 
However, at such a small distance one expects a larger Li hfsc 
than is observed. Thus the upper limit of the interionic dis­
tance, calculated from Ti1 . using τ as an upper limit for 
τ , seems to be the best estimate for the actual distance. Hence 
τ has to be larger them τ , indicating that the smaller rota­
tional correlation time obtained for the anion (see table h'\) 
probably does not apply to the cation. In other words: the ro­
tational motions of the cation and the anion in the ion pair are 
not fully correlated. 
The decreasing interionic distance with increasing temper­
ature (caused by the decreasing solvation of the Li ion) strongly 
increases the hfsc and the В value of lithium. Therefore going 
to higher temperature the linewidth increases although η /Τ 
decreases. Because the Fermi contact relaxation is negligible, 
the linewidth data can not be used to discriminate between the 
dynamic or static inodel for the structural change of the ion pair. 
Na-Nl-DME,THF 
Since qualitatively the 2 3Na linewidth follows the same behaviour 
as the 7Li linewidth, one may expect that the i 3Na linewidth will 
also be determined mainly by magnetic relaxation. But the Fermi 
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contact relaxation will Ъе not negligible, because the 2 3Na 
hfsc is much larger than the 7Li hfsc. From the data of table hi 
T^1 has been calculated (see table hk). The magnetic and qua-
drupolar contributions to the 2 3Na linewidth can not be sepa­
rated, since there exists no other stable isotope. The results 






















Table Uh. Survey of the contributions of the different relaxation mechanisms 
to the alkali linewidth of NaNl ion pairs (in rd/s). 
From the 2 э Na linewidth of НаВф^ in THF [152], of NaBH, 
and НаВф, in polyethers [20,133], and of NaBp in DME [20] one 
may expect that the contribution of the quadrupolar relaxation 
to the sodium linewidth of the NaNl ion pair is on the order 
of 150 - 25O rd/s at room temperature. Assuming the same τ 
г 
and the same field gradient at the alkali nucleus for the NaNl 
as for the KN1 ion pair in DME one calculates for T"1 of 2îNa: 
170 rd/s at 30°С and 120 rd/s at 60°С (see next discussion of 
the 3 9K linewidth data and see table 1*6). Using these values for 
T^1 the anisotropic magnetic dipolar relaxation time has been 
calculated from the data of table hk. Attempts to calculate the 
interionic distances for the ion pairs present in the three 
solutions of table kh resulted in unreasonably large values for 
В · 4. -./ЬУм: 820, 1U20 and 1250 0 for NaNl in DME at 30° С 
experimental N ' 
and 60°С and in THF at 30°С, respectively. The limiting value 
τ has been used for τ„: otherwise the values obtained for 
e d' 
Β - χ ι would be even higher. 
experimental a 
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Other evidence against the analysis on which the data 
depicted in table kk are based, comes from the concentration 
dependence of the I3Na linewidth. The linewidth is roughly-
proportional to 1/C (see figure 31) indicating that τ is the 
e 
correlation time which governs the 23Na relaxation. However, 
in order to fulfil the condition τ, s τ one needs to assume 
d e 
that τ of the ion pair is much larger than the rotational 
correlation times derived from the quadrupolar relaxation of 
the deuterons in the anion. Furthermore even if the relation 
τ — τ holds for a 1.0 M solution it seems highly unlikely 
that it will hold also for dilute solutions, which have larger 
τ *s and lower τ 's (due to the decrease of the solution vis-
e r 
cosity). A solution to both problems is the assumption that 
the Fermi contact relaxation is larger than estimated from 
equation 2-5k due to one of the following reasons: 
( i) equation 2-51t does not apply to this system. 
(ii) τ measured from the Ή NMR spectrum of the anion does 
not apply to the í3Na nuclear magnetic relaxation. 
The last reason seems rather academic but the first not in view 
of the discussion of section 6.2.1. When the dynamic model for 
the ion pair equilibrium (equation 6-7) applies, then the Fermi 
contact relaxation will be enhanced. Rewritting 6-12 gives the 




The extra contribution to the linewidth is of the correct order 
of magnitude: replacing τ' by its upper limit τ , taking Α
σ 
e e b 
equal to zero and A
c
 equal to the 23Na hfsc of NaNl in THF 
linearly extrapolated from the hfsc's measured at elevated 
temperatures [ 36] , one calculates for the additional contribu­
tion of the Fermi contact relaxation to the linewidth: 1200, 
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1300 and 2900 rd/s for NaUl in DME at 30°С and 6o0C, and in 
THF at 30°С, respectively. These calculations show that the 
ion pair equilibrium may he the source of the apparent con­
tradiction in the linewidth data. The remaining difference 
between the measured and predicted linewidth will he due to 
the anisotropic magnetic dipolar relaxation, which of course 
may be enhanced by the dynamic ion pair equilibrium too. For 
the Na-Nl-THF sample the value of т
е
 (valid for the DME solu­
tion) may also be a reason for the remaining difference between 
the measured and the predicted linewidth. As the results of 
chapter IV suggest τ of a radical ion pair in THF is 
slightly larger than in DME. 
The correlation time describing the ion pair equilibrium 
(τ.) may be much larger than τ and τ [ 160], which makes the 
Fermi contact relaxation proportional to n/C over the whole 
investigated concentration range (see equation 6-25 and figure 
ЗІ). The only evidence against the application of the dynamic 
model is the almost linear relationship between the sodium 
linewidth and Α2η /Τ, whereas a plot of TT1 versus Αη /Τ is 
curved. However, as long as the temperature dependence of the 
solution viscosity is not known, this observation can be ques­
tioned. 
Conclusion: evidence exists that the Fermi contact relaxa­
tion dominates the relaxation of the î3Na nucleus and that the 
dynamic model holds for describing the configurational changes 
of the NaNl ion pairs. The contribution of the anisotropic mag-
netic dipolar relaxation to the linewidth is not well established, 
and and hence the interionic distances can not be calculated. 
K-N1-DME. 
The almost linear relationship between Tl1 and η /Τ (see figure 
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30) is characteristic for a contact ion pair which structure 
hardly changes with the temperature. In view of the very small 
39
К hfsc the magnetic relaxation of the 3 9K nuclear spin will 
be negligible. As can be judged from table ^5 the quadrupolar 
relaxation determines the linewidth. 
ψ- 1 m - 1 rp- 1 m - 1 
2 12,Fe 2,Dip ^.Q 
Θ00±60 1.2+0.1 25+5 770±70 
ТаЪІе U5. The contributions (in rd/s) of the different relaxation 
mechanisms to the S*K linewidth of a 1.0 M solution of KN1 in DME 
at 30° С. 
The Fermi contact relaxation has been calculated from the data 
of table 1+1, T"' . is the calculated upper limit for the aniso-
' 2,Dip 
tropic magnetic dipolar relaxation, using τ as an upper limit 
for τ, and 1000 0rsted as an upper limit for B/hv,.. 
The qcc calculated from Tl1 lies in the range 2.0 - k.4> MHz 
using the τ values of table k'\. This quadrupole coupling con­
stant is slightly larger than the ones measured for ionic potas­
sium compounds [ 79]· In order to gain some information about the 
quadrupolar relaxation of the other alkali nuclei, the contribu­
tion of the quadrupolar relaxation to their linewidths has been 
predicted assuming that the rotational correlation time and the 
electric field gradient at the alkali nucleus remain the same 





















Table h6. Predicted quadrupolar linewidths (in rd/s) for the alkali resonances 
of the alkali naphthalenide ion pairs in DME. 
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dieted contribution of the quadrupolar relaxation to the Li 
linewidth appears to Ъе negligible in agreement with the 6 Li 
and 7Li linewidth analysis. 
Rh-Nl-DME. 
Figure 29 illustrates that the temperature dependence of the 
'
7Rb linewidth is mainly determined Ъу the change in η /Τ, 
clearly the structure of the ion pair does not change dramati­
cally in the temperature range studied. The 8 SKb linewidth 
exhibits a similar behaviour and its plot versus η /Τ almost 
coincides with the e 7Rb plot (For this reason the e 5Rb plot is 
not shown in figure 29). This fact points to the domination of 
the quadrupolar relaxation over the other relaxation mechanisms 
for both isotopes, because the quadrupolar relaxation times of 
the two isotopes differ by only 2.5%. A complete linewidth 
analysis of the Rb linewidth at 30° С has been performed as out­
lined in section 6.2.3. The magnetic and quadrupolar contribu­
tions to the linewidth have been separated and the Fermi contact 
relaxation has been calculated from the experimental hfsc and 
the τ obtained from Ή NMR on the anion. The results are shown 
e 
in table U7. 
isotope Τ"' r2'tQ ^'.Fc^'.Dip ^'.Fc 
, sRb 7800±200 7700±200 100±U0 Π0±30 
"
7Rb 8700+1*00 7500±200 1200±UOO 10001300 
Table hT. Survey of the contributions (in rd/s) of the different relaxation 
mechanisms to the Rb linewidths of a 1.0 M solution of RbNl in DUE at ЗО^С. 
The data of table kf demonstrate that the anisotropic magnetic 
dipolar relaxation is quite unimportant and that the quadrupolar 
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relaxation governs the в 5Шэ linewidth for almost 100$ and the 
8 7Rb linewidth for about 85%. Comparison of the measured Ί7,1 's 
with the predicted ones (see table 1*6) shows that the field 
gradient or the rotational correlation time is smaller for the 
Rb ion pairs than for the К ion pairs. From the quadrupolar line-
width one calculates for the qcc of e 5Rb and 8 7Fb 5.7 - 12.8 MHz 
and 2.7 - 6.2 MHz, respectively. Both values fall within the 
range predicted for them (see table kO). 
The predicted Fermi contact relaxation is equal to the 
experimentally determined contribution of magnetic relaxation 
mechanisms to the Rb linewidth. Hence τ measured for the radi-
e 
cal anion holds for the whole ion pair. Furthermore this agree­
ment excludes the applicability of the dynamic model for struc­
tural changes of an ion pair as an explanation for the temper­
ature dependence of the Rb hfsc. 
Cs-Nl-DME. 
The Cs linewidth (see figure 29) varies linearly with η /Τ which 
о 
points to the existence of a contact ion pair whose structure is 
not very temperature dependent. For a 1.0 M solution of CsNl in 
DME at 30°С the Cs hfsc and linewidth amounted to a = -1.U3 0rsted 
and TT,1 = 10500±500 rd/s. A quadrupolar contribution to the Cs 
linewidth can safely be neglected on account of the very small 
quadrupole moment of I 3 3Cs [ 206] (e.g. see table U6). The Fermi 
contact relaxation calculated from the data of table k'\ was 
9100±300 rd/s. The remaining linewidth llt00±600 rd/s has to be 
assigned to ΤΊ,'. , from which one calculates for B/hv.T 0
 2,Dip' N 
2500+700 0rsted. Although the unpaired electron in the np-AO of 
Cs may contribute considerably to the anisotropic dipolar inter­
action (see table ho) the value measured for Β Λ Ύ Μ is too large. 
However the remaining linewidth is only a small part of the total 
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linewidth (* 10^) and the discrepancy may be explained Ъу the 
experimental accuracy. 
Conclusion: the 1 3 3Cs linewidth is dominated by the Fermi 
contact relaxation and there exists quantitative agreement 
between the electron correlation times obtained from 'H KMR 
on the anion and from I 3 3Cs NMB on the cation. 
6,Ц.2.2 Other ion pairs. 
Na-A-THF. 
The strange shape of the plots in figure 3^· (especially plot I 
at approximately 00C) points to the applicability of the dynamic 
model for structural changes of the NaA ion pair, because the 
second term of 6-25 goes through a maximum for f =f =0.5· The 
ь и 
behaviour of the linewidth of the solutions II, III and IV can 
be explained by also taking into account the electron transfer 
process. The following aspects play a role: 
i) the linewidth will be increased compared to solution I due 
to a decrease of the total concentration of anthracene. 
ii) the decrease of fp first will tend to increase the line-
width (see section 6.2.2), but when fp becomes small then 
the linewidth will decrease proportional to fp. 
iii) when the fraction of contact ion pairs becomes important 
with increasing temperature, the ion pairing equilibrium 
will cause an enhancement of the Fermi contact relaxation, 
but when f
r
 approaches one this contribution will vanish 
again. 
The larger values of ΨΙ1 measured for solution II and III com­
pared to solution I can be explained qualitatively by the first 
two arguments. The decrease of the linewidth going from solution 
II to IV indicates that f_ has become so small that τ does not 
- 212 -
determine the Fermi contact relaxation anymore, 
Before finishing the discussion an order of magnitude 
calculation of the different contrihutions to the linewidth 
of solution I at 0° С and 30° С will be presented to complete 
the qualitative arguments. In view of the small fraction of 
radical anions and the small hfsc of Na in the NaA ion pair 
in THF the linewidth of solution IV at -20°С will he a good 
measure for the quadrupolar contribution to the Na linewidth. 
After correction for the difference in η /Τ one obtains for 
о 
TT1 at 00C and 30°С lUOO rd/s and 900 rd/s, respectively. 
From τ =5бХ1О"12 s at 30°С (see table 23) one calculates using 
equation 2-5U 250 rd/s and ібОО rd/s for T"1 at O'C and 30°С, 
respectively. In MTHF the estimated value for A is 1.5 0rsted 
[210]. So a reasonable value for NaA in THF will be A =1.3 0. 
If 6-25 applies, then one calculates as an upper limit (τ.>τ ) 
for the enhancement of the Fermi contact relaxation due to 
the ion pair equilibrium 1500 rd/s and 1800 rd/s at 0°С and 
30°C, respectively. The total predicted linewidth, neglecting 
the anisotropic dipolar interaction, amounted to be 3200 rd/s 
and U300 rd/s at 0°С and 30°С. The agreement with the experiment 
(see figure 3h) is satisfactory in view of the approximate nature 
of the model on which the calculation was based. 
Conclusion: a quantitative explanation of the behaviour of 
the Na linewidth can not be given because not enough information 
is available. However qualitative arguments support the applica­
bility of the dynamic model for the ion pair equilibrium in the 
Na-A-THF sample. The effect of the electron transfer process on 
the Na linewidth is striking. 
Na-Tpb-DME/THF-de. 
The very small hfsc guarantees that the Na linewidth will origi-
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nate from quadrupolar relaxation. The increase of the line-
width with increasing radical concentration results from the 
concentration dependence of the solution viscosity. From the 
linewidth of the 1.0 M solution using τ- =('\70±30)X'\0~11 s 
Q 
(see table 36) as the rotational correlation time for the 
quadrupolar relaxation of the sodium nucleus one calculates 
qcc^l.2±0.3 MHz, a quite reasonable value for 2 3Na in a sol­
vent separated ion pair [ 20,79]· 
Rb-Tpb-DME. 
The behaviour of the *7Rb linewidth with the temperature is 
typical for a contact ion pair with a relatively rigid struc­
ture. Also in the temperature range, where the hfsc suggests 
the starting formation of solvent separated ion pairs, the 
"'Rb linewidth remains linearly proportional to η /T. At 30°С 
о 
one calculates for T^ '-p 250 rd/s. Furthermore as in the case 
of the RbNl ion pair TI1 _. will be negligible. Hence the qua-
¿,υιρ 
drupolar relaxation contributes dominantly to the i 7Rb line-
width, for the total linewidth amounts to 13000 rd/s at that 
temperature (see figure 35). Assuming similar correlation times 
for the NaTpb and RbTpb ion pairs (τ *150X10'12 s at 0.9 M) one 
obtaines qcc=U.T±1.0 MHz. This value is consistent with other 
observations e.g. the results on the RbNl ion pair and the re­
sults of reference I 20] . 
6.5 Conclusions. 
The NMR hfsc's are generally in agreement with the ESR data in 
spite of the large differences in radical concentration. 
It appears possible to separate the contributions of the 
different relaxation mechanisms to the alkali linewidth, but 
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except for the case of Li-Nl-DME it was not possible to obtain 
quantitative structural information. Still the quantitative 
analysis strongly supports the qualitative conclusions drawn 
from the linewidth data. 
Evidence for the applicability of the dynamic model for 
structural changes of the ion pair has been found for Na-Nl-DME, 
Na-Nl-THF and Na-A-THF. For Li-Nl-DME this model may also explain 
the large rotational correlation time assumed in the interpreta-
tion of the magnitude of Tl'_. . 
2,Dip 
The analysis of the alkali linewidths indicates that the 
correlation times measured for the anion apply also to the cation 
and thus to the whole ion pair. 
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Magnetic resonance techniques have been applied in studying the structure 
and the behaviour of ion pairs composed of alkali cations and aromatic 
hydrocarbon anions. 
From the position of the nuclear resonances of the various nuclei in 
these ion pairs the density of the unpaired electron at these nuclei could 
be determined. From the sign and the magnitude of the spindensity informa­
tion has been obtained about the electronic structure of the radical 
anions and about the covalency of the metal-hydrocarbon bond. The distance 
between the metal nucleus and the aromatic plane could be determined. For 
lithium naphthalenide in 1,2-dimethoxyethane at 30°С this distance was 
h.O - 't.5 A. For the sodium naphthalenide contact ion pair (in tetrahydro-
furan) a distance of 3.0 - 3.5 A has been measured. Before the metal-
hydrocarbon distances of the other alkali naphthalenide ion pairs can be 
obtained from the experimental alkali spindensities, better molecular wave 
functions should be calculated using the method of Canters et al. [ 38] . 
In this thesis especially the linewidths of the nuclear magnetic 
resonances have been investigated in order to obtain information about the 
structure and the dynamics of the complexes of alkali cations and aromatic 
hydrocarbon anions. The contributions of the Fermi contact interaction, 
the anisotropic magnetic dipolar interaction and the quadrupolar interac­
tion to the magnetic relaxation of the various nuclei have been determined, 
From the proton linewidths the electron and rotational correlation 
times could be determined. The concentration dependence of the electron 
correlation times proves that the model of Pake and Tuttle [ 1(3] for the 
spin exchange process is too simple to describe the electron spin relaxa­
tion in concentrated solutions of alkali aromatic hydrocarbon ion pairs. 
The concentration dependence indicates that polymolecular collisions con­
tribute considerably to the electron spin relaxation. The correlation 
between the size of the ion pair and the spin exchange rate, first 
mentioned by Danner [ 173] , also exists in our concentrated solutions. 
The rotational correlation time of the anion could be obtained from 
the measured anisotropic magnetic dipolar relaxation of the protons. The 
formulae derived by Solomon I ^k] for the interaction between two point-
dipoles could not be applied, because the unpaired electron is delocalized 
In chapter II an expression has been derived for the anisotropic magnetic 
dipolar relaxation of a nucleus interacting with an unpaired delocalized 
electron. The rotation of the solvent and the ions in the ion pair has 
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Ъееп described Ъу the rotational diffusion model [82]. The formulae for 
the anisotropic magnetic dipolar and for the quadrupolar relaxation were 
derived for the general case of anisotropic rotational diffusion. 
The rotational correlation time of the anion has also been obtained 
from the quadrupolar relaxation of the deuterons. A comparison of the 
results obtained from proton and deuteron resonance indicated that in 
the calculation of the anisotropic magnetic dipolar interaction tensor the 
contributions of the three center integrals could not be neglected [20,112] . 
The measured rotational correlation times were not accurate enough to 
establish the anisotropy of the rotational diffusion of the anions. 
Further it has been shown that electron transfer between neutral 
hydrocarbons and their anions in solutions containing more than 90% anions 
hardly affects the nuclear magnetic relaxation. 
The mutual spin exchange between dissimilar radical anions has been 
demonstrated. This so-called spin relaxer effect has already been 
applied in a study of the phenanthrene anion [ 118] . 
The analysis of the alkali linewidths gives information about the ion 
pair structure. Only for lithium naphthalenide could the metal-hydrocarbon 
distance be obtained, the result was in agreement with the distance derived 
from the experimental spindensity. For all other systems only qualitative 
information about the ion pair structure could be obtained. From the 
analysis of the alkali linewidths it appears that the electron and rota­
tional correlation times of the anion also hold for the cation and thus 
for the whole ion pair. 
Except for nuclei with a small hyperfine splitting constant, the con­
tribution of the Fermi contact interaction dominates the relaxation of the 
transverse magnetization, but not the relaxation of the longitudinal mag­
netization. Therefore the anisotropic magnetic dipolar and the quadrupolar 
interaction can be studied more accurately from the analysis of the longi­
tudinal relaxation as compared to the analysis of the transverse relaxa­
tion carried out in this thesis. With the aid of Τ measurements the theory 
of McConnell and Strathdee [ 73] for the calculation of the anisotropic 
magnetic dipolar interaction of a nucleus with an unpaired delocalized 
electron could be tested and the anisotropy of the rotational diffusion of 
the anions can be determined. Τ measurements on the alkali resonances 
would be a powerful tool to obtain detailed information about the structure 
of the ion pairs. 
For some ion pair solutions indications were found favouring the 
dynamic model to describe the structural rearrangements of these ion pairs, 
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for example for sodium naphthalenide in 1,2-dimethoiyethane and tetra-
hydrofuran and for sodium anthracenide io tetraJiydrofuran. 
An attempt to measure the epindensity distribution in triplet dianions 
using the NMR method failed due to the fact that for the only experimentally 
accessible system, Li-Tpb-MTHF, the dianion of 1,3,5-triphenylbenzene 
appears to possess a singlet ground state. Static susceptibility measure­
ments and electron spin resonance experiments did confirm the singlet 
ground state of this dianion in 2-methyl-tetrahydrofuran at 30° С with Li 
as counter ion. 
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SAMENVATTING. 
Met ЪеЬиІр van voornamelijk kernmagnetische resonantie Spektroskopie is 
getracht een heter inzicht te verkrijgen in de struktuur en het gedrag 
van ionen paren bestaande uit alkali kationen en anionen van aromatische 
koolwaterstoffen. 
Uit de positie van de NMR overgangen van de diverse kernen in deze 
ionen paren kon de dichtheid van het ongepaarde elektron ter plaatse van 
deze kernen bepaald worden. Uit het teken en de grootte van de spindicht-
heid is informatie verkregen over de elektronen distributie in de radikaal-
anionen en over het kovalente karakter van de metaal-koolwaterstof binding. 
De afstand van het metaal tot het vlak door de aromatische koolstof atomen 
kon worden bepaald en was voor lithiumnaftalenide in 1,2-dimethoxyethaan 
bij 30°С U.O - Ц.5 A. Voor het kontakt ionen paar van natriumnaftalenide 
in tetrahydrofuraan werd een afstand van 3.0 - 3.5 A gemeten. Voor de be­
paling van de afstand in de overige alkali naftalenide ionen paren uit de 
gemeten spindichtheden moeten eerst verbeterde molekulaire golffunkties 
worden berekend, gebruikmakend van de methode beschreven door Canters et 
al. [ 38] . 
Tijdens het uitgevoerde onderzoek heeft de interpretatie van de lijn-
breedten van de kernresonantie lijnen centraal gestaan. De bijdragen tot 
de lijnbreedte ten gevolge van de Fermi kontakt wisselwerking, de aniso­
trope magnetische dipolaire wisselwerking en de quadrupolaire wisselwer­
king zijn bepaald. 
Uit de lijnbreedte vaa de proton resonanties zijn de elektron en 
rotatie korrelatie tijden bepaald. Het gedrag van de elektron korrelatie 
tijd als funktie van de koncentratie van de radikaal-anionen toont aan dat 
het door Pake en Tuttle [ U3] geïntroduceerde model voor het spin exchange 
proces te eenvoudig is om de elektron spin relaxatie in gekoncentreerde 
oplossingen van alkali aromatische ionen paren te beschrijven. De koncen-
tratie afhankelijkheid wijst erop dat polymolekulaire botsings komplexen 
een aanzienlijke bijdrage tot de elektron spin relaxatie geven. De door 
Danner [ 173] beschreven relatie tussen de grootte van het ionen paar en 
de snelheid van het spin exchange proces blijkt ook in de gekoncentreerde 
oplossingen te bestaan. 
De rotatie korrelatie tijd van het anion kon berekend worden uit de 
experimenteel bepaalde anisotrope magnetische dipolaire relaxatie van de 
protonen. De formules door Solomon [ 54 afgeleid voor de wisselwerking van 
twee punt-dipolen kunnen niet gebruikt worden voor deze berekening, omdat 
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het ongepaarde elektron gedelokaliseerd is. In hoofdstuk II is een uit-
drukking afgeleid voor de anisotrope magnetische dipolaire relaxatie van 
een kern ten gevolge van zijn interaktie met een ongepaarde gedelokali-
seerd elektron. De rotatie van de oplosmiddel molekulen en van de ionen in 
het ionen paar is beschreven m.b.v. het rotatie diffusie model [ 82] . De 
formules voor de anisotrope dipolaire en de quadrupolaire relaxatie zijn 
afgeleid voor het geval dat de rotatie diffusie anisotroop is. 
De rotatie korrelatie tijd van het anion kon ook berekend worden uit 
de quadrupolaire relaxatie van de deuteronen. Vergelijking van de resul-
taten, verkregen met behulp van proton en deuteron resonantie, toont aan 
dat in de berekening van de anisotrope magnetische dipolaire interaktie 
tensor de bijdragen van de drie-centrum-integralen niet mogen worden ver-
waarloosd [20,112]. De experimenteel bepaalde rotatie korrelatie tijden 
waren te onnauwkeurig om een uitspraak te doen over de anisotropie van de 
rotatie diffusie van de anionen. 
Verder is aangetoond dat de elektron overdracht tussen neutrale kool-
waterstoffen en hun anionen in oplossingen, waarin meer dan 90% van de 
koolwaterstof gereduceerd is tot monoanion, een verwaarloosbare invloed 
heeft op de lijnbreedte. 
De wederzijdse spin exchange wisselwerking tussen ongelijksoortige 
radikaal-anionen is aangetoond en praktische toepassing van deze zogenaam-
de spin relaxer techniek heeft reeds plaatsgevonden [ 118] . 
De analyse van de alkali lijnbreedten levert alleen voor lithiumnaf-
talenide in 1,2-dimethoxyethaan informatie over de metal-aromaat afstand. 
De gemeten afstand is in overeenstemming met het resultaat berekend uit de 
experimenteel bepaalde spindichtheid. Voor alle andere onderzochte systemen 
kon slechts kwalitatieve informatie over de ionen paar structuur verkregen 
worden. Uit de analyse van de alkali lijnbreedten is gebleken dat de elek-
tron en rotatie korrelatie tijden van het anion ook gelden voor het kation 
en dus voor het gehele ionen paar. 
De Fermi kontakt relaxatie levert, uitgezonderd voor kernen met een 
kleine koppelings konstemte, de belangrijkste bijdrage tot de relaxatie 
van de transversale magnetisatie. De bijdrage van de Fermi kontakt inter-
aktie tot de longitudinale relaxatie is veel kleiner en daardoor zal de 
nauwkeurigheid, waarmee men de anisotrope magnetische dipolaire en de 
quadrupolaire interaktie uit de longitudinale relaxatie kan bestuderen, 
veel groter zijn dan de nauwkeurigheid waarmee in dit proefschrift deze 
interakties uit de transversale relaxatie bepaald konden worden. Met be-
hulp van T- metingen zou de theorie van McConnell en Strathdee [ 73] voor 
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de berekening van de anisotrope magnetische dipolaire wisselwerking van 
een kern met een ongepaard gedelokaliseerd elektron kunnen worden getest 
en zou mogelijk een uitspraak over de anisotropie van de rotatie diffusie 
van de anionen kunnen worden gedaan. Ook voor alkali resonantie zouden T. 
metingen een krachtig hulpmiddel zijn ter verkrijging van gedetaileerde 
structurele infonnatie. 
Voor een aantal ionen paar oplossingen zijn aanwijzingen gevonden dat 
het dynamische model toepasbaar is voor de structurele verandering van 
deze ionen paren o.a. voor natriumnaftalenide in 1,2-dimethoxyethaan en 
tetrahydrofuraan en voor natriumantracenide in tetrahydrofuraan. 
Een poging om de spindichtheidsverdeling in triplet dianionen met 
behulp van de NMR methode te bepalen heeft gefaald, omdat in het enige 
experimenteel toegankelijke systeem, Li-Tpb-MTHF, het dianion van 1,3,5-
trifenylbenzeen een singulet grondtoestand bleek te bezitten. Statische 
susceptibilities metingen en elektron spin resonantie experimenten hebben 
de singulet grondtoestand van dit dianion in 2-methyl-tetrahyilrofuraan 
bij 30°С met lithium als tegen ion bevestigd. 
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I 
De 'Commission on Molecular Structure and Spectroscopy' van de International 
Union for Pure and Applied Chemistry is een onvoldoend breed samengesteld kollege 
om de teken konventie van de chemische verschuiving van kernmagnetische resonan-
tie signalen te wijzigen. Er zijn onvoldoende garanties dat ook fysici deze wijziging 
zullen overnemen, waardoor de verwarring op dit gebied eerder zal toenemen dan 
afnemen. 
International Union for Pure and Applied research, Commission I. 5. 
II 
Dat de door Ilse Clausnitzer voorgestelde 'transmutatie' 
2 3 N a + 1 6 0 ^ 3 9K +warmte 
in het menselijk lichaam kan plaatsvinden is aan ernstige twijfel onderhevig. Een 
dergelijke uitspraak doet ernstig afbreuk aan de goede aspekten der Makrobiotiek. 
I. Clausnitzer, Wegweiser in die Makrobiotiek, München, 1966 
III 
De door Burley en Young gebruikte methode om ion paren in slecht solvaterende 
oplosmiddelen te bereiden uitgaande van oplossingen van deze ionen paren in beter 
solvaterende oplosmiddelen is niet zinvol. In die gevallen waarin de betrouwbaarheid 
van deze methode kan worden aangetoond is zij overbodig, in alle overige gevallen 
kan niet worden uitgesloten dat tengevolge voor preferente solvatatie geheel afwij-
kende ionen paar strukturen ontstaan. 
J.W. Burley and R.N. Young, J. Chem. Soc. В 1018, 1971 
IV 
Indien een nieuwe vereenvoudigde 'afleiding' van een reeds bestaande formule wordt 
gegeven, ontslaat dat de referee niet van zijn plicht om deze afleiding op zijn mathe­
matische merites te beoordelen. 
Y. Margaüt, J. Chem. Phys. 55, 3072, 1971 
ν 
De door Takeshita en Hirota toegepaste methode om de aanwezigheid van dianion in 
oplossingen van monoanionen van aromatische koolwaterstoffen te voorkomen, is 
ongeschikt voor dat doel. 
T. Takeshita and N. Hirota, J. Chem. Phys. 58, 3745, 1973 
VI 
De Redfield theorie mag niet gebruikt worden om de NMR lijnbreedte van protonen 
te beschrijven in sterisch gehinderde methyl groepen, zoals door La Mar en Van 
Hecke in hun onderzoek aan paramagnetische Cr(II) complexen is gedaan. 
G.N. La Mar and G.R. van Hecke, J. Chem. Phys. 52, 5676, 1970 
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